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ABSTRACT
Mass t r a n s f e r  between gas (oxygen)  and l i q u i d  ( w a t e r )  
phases 1n t h r e e - p h a se  f l u l d l z e d  beds and bubble columns has 
been s t ud i e d  1n t h i s  I n v e s t i g a t i o n .
The m a t e r i a l s  used 1n t h i s  study c o n s i s t e d  of  s p h e r i c a l  
glass  beads w i t h  d iamet ers  o f  0 . 3  cm and 0 . 5  cm ( s o l i d
phase) ,  o i l - f r e e  compressed a i r  as the  gas phase,  and tap
wa t e r  as the  l i q u i d  phase.  The gas s u p e r f i c i a l  v e l o c i t i e s
employed were 8 ,  26 and 43 cm/s and those f o r  the  l i q u i d  
phase 5,  7 . 5  and 12 cm/s.
The c o l l e c t e d  data  were used to draw c o n c e n t r a t i o n  p r o ­
f i l e s  as we l l  as 1n the  p r e p r a t l o n  o f  p e r t i n e n t  contour  d i a ­
grams. The cont our  diagrams ob t a i ned  1n t h i s  I n v e s t i g a t i o n  
conf i rmed the  e x i s t e n c e  o f  two c l e a r l y  d i s t i n g u i s h a b l e  mass 
t r a n s f e r  zones 1n t h r e e - p h a s e  f l u l d l z e d  beds and bubble c o l ­
umns . Plug f low c o n d i t i o n s  p r e v a i l  1n the  reg i on  c l ose  to
the d i s t r i b u t o r ,  which 1s termed the g r i d  zone and d i s p e r ­
sion c o n d i t i o n s  p r e v a i l  1n the bulk zone.  This  was u t i l i z e d  
1n the  development  o f  a mathemat ica l  model f o r  d e s c r i b i n g  
mass t r a n s f e r  1n t h r e e - p h a s e  f l u l d l z e d  beds and bubble c o l ­
umns .
The proposed model r e s u l t s  from I n t e r f a c i n g  the plug f low  
and the a x i a l  d i s p e r s i o n  models a t  the  boundary of  s e p a r a ­
t i o n .
i 1 *
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The v a l i d i t y  of  the e x i s t i n g  mathemat ical  models f o r  de­
s c r i b i n g  mass t r a n s f e r  1n t h r ee - pha se  f l u l d l z e d  beds and 
bubble columns has been analyzed from an exper imenta l  s t a nd­
p o i n t  and the e f f e c t s  of  f l u i d  s u p e r f i c i a l  v e l o c i t i e s  on the  
v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t s  has been discussed.
The r e s u l t s  obta ined  1n t h i s  study c l e a r l y  I n d i c a t e  t h a t  
the proposed model conforms more c l o s e l y  to the exper imenta l  
data than any o f  the  e x i s t i n g  models.
1 v
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NOMENCLATURE
LATIN ALPHABET
A c on s t a n t  1n Equat ion ( 2 . 1 4 )
a I n t e r f a c i a l  a rea  per  u n i t  volume of  the r e a c t o r
ADC a x i a l  d i s p e r s i o n  c o e f f i c i e n t
ADM a x i a l  d i s p e r s i o n  model
B cons t an t  1n Equat ion ( 2 . 1 5 )
b s e p a r a t i o n  boundary parameter
C d i s s o l v e d  oxygen c o n c e n t r a t i o n  1n wa t e r
Cb d i s s o l v e d  oxygen c o n c e n t r a t i o n  a t  y *  b
C1 d i s so l v e d  oxygen c o n c e n t r a t i o n  1n the g r i d  zone
C2 d i s s o l v e d  oxygen c o n c e n t r a t i o n  1n t he  bulk zone★
C di s s o l v e d  oxygen e q u i l i b r i u m  c o n c e n t r a t i o n
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Chapter  I 
INTRODUCTION
1 .1 General
Three-phase f l u l d l z e d  beds promote I n t i m a t e  c o n t a c t i n g  
between a s o l i d ,  a l i q u i d  and a gas.  Such beds have a va ­
r i e t y  o f  p o t e n t i a l  a p p l i c a t i o n s  as chemical  r e a c t o r s .  Pr es ­
ent  I n d u s t r i a l  a p p l i c a t i o n s  I n c l u d e  c a t a l y t i c  hydrogenat ion  
and d e s u l p h u r i z a t i o n  of  pet ro leum pr oduc t s ,  p r oduc t i on  of  
ammonium b i s u l f i t e ,  and biochemical  processeses.  P o t e n t i a l  
a p p l i c a t i o n s  I nc l ude  heavy o i l  upgrad ing ,  coal  and r e s l d  
conver s I on .
Mass t r a n s f e r  In t h r e e - p h a s e  f l u l d l z a t i o n  has r e c e n t l y  
become a s u b j e c t  t h a t  1s r e c e i v i n g  a l o t  o f  I n t e r e s t .  Models 
used to des c r i b e  mass t r a n s f e r  1n t h r ee -p h a se  f l u l d l z e d  beds 
I n c l u d e ,  the  plug f low model ,  the  a x i a l  d i s p e r s i o n  model and 
the two-zone model .  These models y i e l d  va lues  f o r  the  v o l u ­
me t r i c  mass t r a n s f e r  c o e f f i c i e n t .
The a v a i l a b l e  e xper i menta l  evidence suggests t h a t  n e i t h e r  
the plug f low nor the  a x i a l  d i s p e r s i o n  model w i t h  c on s t a n t  
c o e f f i c i e n t s  s a t i s f a c t o r i l y  des c r i be  the t r a n s p o r t  processes  
occur lng 1n t h r e e  phase f l u l d l z e d  beds.
A1varez -Cuenca( 1979 )  u t i l i z e d  c o n c e n t r a t i o n  contour  d i a ­
grams to I n d i c a t e  the presence of  two d i s t i n c t  mass t r a n s f e r
1
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zones 1n t h r ee - p h a s e  f l u l d l z e d  beds and bubble columns;  
v i z . ,  the f i r s t  zone 1s 1n the v i c i n i t y  to t he  d i s t r i b u t o r  
and 1s termed the " g r i d  zone" .  The second zone 1s away from 
the d i s t r i b u t o r  and 1s known as the  "bulk  zone" .  The narrow 
t r a n s i t i o n  area between the two zones 1s known as the  "sepa­
r a t i o n  boundary" and the d i s t a n c e  between the  g r i d  and the
bulk zone 1s known as the " s e p a r a t i o n  boundary par ame t er " .  
The e x i s t e n c e  of  these two zones probably  prov i des  an e x p l a ­
nat i on  f o r  the  f a i l u r e  o f  the  plug f low model and a x i a l  d i s ­
pers ion model to p r o p e r l y  d e s c r i be  mass t r a n s f e r  In t h r e e -  
phase f l u l d l z e d  beds and bubble columns.
On t h a t  bas is  A1varez - Cuenca( 1979)  proposed a " two-zone"  
model which r e s u l t s  from I n t e r f a c i n g  two plug f low models a t  
the s e p a r a t i o n  boundary.  The two-zone model prov i ded  a b e t ­
t e r  d e s c r i p t i o n  o f  mass t r a n s f e r  1n t h r e e -p h a se  f l u l d l z e d  
beds as was p o i n t e d - o u t  1n a s e r i e s  of  p u b l i c a t i o n s  by A l v a -  
rez-Cuenca and coworkers ( 19 80 , 1 98 1  and 1 9 8 4 ) .
However,  I t  seems t h a t  A1varez-Cuenca and co-workers  con­
c e n t r a t e d  t h e i r  e f f o r t s  on t e s t i n g  the  two-zone model a t  
high gas and l i q u i d  s u p e r f i c i a l  v e l o c i t i e s  and a lmost  I g ­
nored d i scuss i ng  the  per formance of  t h e i r  model a t  r e l a t i v e ­
l y  low s u p e r f i c i a l  v e l o c i t y .  Had t h i s  been done,  1 t  would 
have been found out  t h a t  the  two-zone model I s  not  much b e t ­
t e r  than the  a x i a l  d i s p e r s i o n  model a t  r e l a t i v e l y  low super ­
f i c i a l  v e l o c i t i e s  as w i l l  be shown 1n t h i s  s tudy.
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On the o t h e r  hand,  1 t  1s s u p r l s l n g  to f i n d  out  t h a t  A l -  
vrez-Cuenca (1979)  c o n t r a d i c t e d  h is  d is cov er y  of  the  p r e s ­
ence of  two d i s t i n c t  mass t r a n s f e r  zones 1n t h r e e - p h a s e  
f l u l d l z e d  beds and bubble columns by assuming plug f l ow con­
d i t i o n s  1n both zones,  1n the  development  of  the two-zone  
model .  Consequent ly ,  we quest i on  the phys ica l  grounds on 
which such a model has been based.
A new model 1s r e p o r t e d  1n t h i s  study f o r  d e s c r i b i n g  mass 
t r a n s f e r  1n t h r e e - p ha se  f lu1d1d1zed  beds and bubble columns.  
This model has been developed on proper  phys i ca l  grounds and 
as a r e s u l t  1 t  conforms more c l o s e l y  to exper i menta l  data a t  
high as we l l  as a t  low s u p e r f i c i a l  v e l o c i t i e s .
1 .2  Obj ect1ves
The p r e se n t  study 1s concerned w i t h  mass t r a n s f e r  between 
gas (oxygen)  and l i q u i d  ( w a t e r )  phases 1n t h r e e - p ha se  f l u l d ­
l zed  beds,  where publ i shed data are r e l a t i v e l y  scarce and 
most of  them are per formed 1n smal l  beds a t  low l i q u i d  and 
gas f low r a t e s .  Consequent ly ,  such r e s u l t s  have a l i m i t e d  
value as f a r  as I n d u s t r y  1s concerned.  The o b j e c t i v e s  of  
t h i s  work I n c l u d e  :
I )  c o n s t r u c t i o n  of  a p l l o t - p l a n t  sca l e  f l u1 d 1 z a t 1o n  
exper imenta l  s e t - u p  ,
I I )  o b t a i n i n g  exper i menta l  data on the oxygen-water  
system a t  high gas and l i q u i d  r a t e s ,
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111) o b t a i n i n g  more exper imenta l  data 1n the g r i d  region
of  the f l u l d l z e d  bed than those repor t e d  1n the
11t e r a t u r e ,
1 v ) developing a new mathemat ical  model capable of  de­
s c r i b i n g  mass t r a n s f e r  1n t hr ee - phase  f l u l d l z e d  bed 
and bubble column,  
v) using the exper imenta l  data gathered In t h i s  study
to v a l i d a t e  the the model .
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Chapter  I I  
LITERATURE SURVEY
2.1  The F I u 1 d l ze d  S t a t e
When a s i n g l e  f l u i d  passes upward through a bed of  s o l i d  
p a r t i c l e s ,  several  d i f f e r e n t  f low regimes can be observed as 
the v e l o c i t y  1s I nc r e a s e d .  At low f low r a t e s , t h e  f l u i d  b ar e ­
ly  t r i c k l e s  through the the I n t e r s t i c e s  between s t a t i o n a r y  
p a r t i c l e s  1n the bed.  In t h i s  case the drag on the s o l i d s  1n 
the bed Increases  wi t h  v e l o c i t y  ( f i x e d  bed r e g i me ) .  This  
d i s p l ay s  I t s e l f  as an Inc r ea s e  1n the pressure  drop across  
the bed.  As the v e l o c i t y  1s 1ncr eased , the drag f orces  a lso  
I nc r e a s e ,  u n t i l  the drag e x a c t l y  counterba lances  the e f f e c ­
t i v e  we i ght  of  p a r t i c l e s .  At  t h i s  stage the bed expands so 
t h a t  a l l  the  p a r t i c l e s  are  no l onger  touching and the  bed 1s 
considered to be f l u l d l z e d .  The v e l o c i t y  a t  which t h i s  hap­
pens 1s known as the minimum f l u1 d1 z a t 1on  v e l o c i t y  (Vm^ ) .  
F u r t h e r  I ncrease  1n v e l o c i t y  accompanied by f u r t h e r  I nc rease  
1n bed expansion and the pressure drop across the  e n t i r e  bed 
remains c on s t a n t ,  beds of  s o l i d s  may be f l u l d l z e d  by e i t h e r  
a l i q u i d  or gas,  or both of  them ( th r e e - p h a s e  f l u l d l z e d
b e d ) .
When the bed 1s f l u l d l z e d  by a gas,  d i s c r e t e  bubbles usu­
a l l y  form 1n the bed, which 1s c h a r a c t e r l z e d  by the forma-
5
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t1on of  l a r g e  bubbl es .  The p a r t i c l e s  appear  to a c t  not  as 
I n d i v i d u a l  u n i t s ,  but  as t o t a l  u n i t s  having no v i s u a l  f r e e  
path.  This  type of  f l u 1 d 1 z a t 1 o n  1s known as " a g g re g a t i ve  
f 1u 1 d 1 z a t l o n ".  On the o t h e r  hand when p a r t i c l e s  are  f l u l d ­
l zed by a l i q u i d  " p a r t i c u l a t e  f 1u1d1za t l on"  occurs .  The bed 
h e i g h t  Inc reases  smoothly w i t h  v e l o c i t y  but  l a r g e - s c a l e  bub­
b l i n g  1s not  observed.  Under these c o n d i t i o n s ,  the  p a r t i c l e s  
are d i s c r e t e l y  seperated  from each o t h e r  and e x h i b i t  a mean 
f r e e  path which appears to Inc r ea s e  w i t h  v e l o c i t y .
Three-phase f l u l d l z a t l o n  d i s p l a y s  c h a r a c t e r i s t i c s  o f  both 
l i q u i d  and gas f 1u1d1 z a t l o n . The s o l i d  expands u n i f o r m l y  
when the l i q u i d  v e l o c i t y  1s above the minimum f lu1d1z1ng  
values and the  gas phase passes through the bed as d ispersed  
bubble f l o w .  At  high gas r a t e s ,  the t u r bu l e n c e  1s brought  by 
the gas w i t h i n  the bed.
2 . 1 . 1  Advantages and d1sadvantages o f  t h r e e -p ha se  
f l u l d l z e d  beds
F l u l d l z e d  beds possess severa l  advantages over  o t he r  
types of  mu l t i phase  r e a c t o r s ,  some o f  these advantages are  
l i s t e d  below:
I )  the e x c e l l e n t  mix ing o f  s o l i d s  leads to e s s e n t i a l l y  
I sothermal  c o n d i t i o n s  t roughout  the  r e a c t o r .  More­
ove r ,  the bed t empera t ure  1s e a s i l y  c o n t r o l l e d  as a 
r e s u l t  o f  the high thermal  c a p a c i t y  o f  the l i q u i d ,
I I )  s o l i d s  can be added or wi thdrawn c on t i n u o us l y  from 
the bed,  thereby  e l i m i n a t i n g  the  need f o r  c o s t l y  
shutdowns f o r  c a t a l y s t  rep lacement ,
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111)  the r a t e  of  heat  t r a n s f e r  between the bed and the  
column wa l l  1s ext remel y  high.
There a r e ,  however,  a number of  d lsadvantges of  t h r e e -  
phase f l u l d l z a t l o n  which may make I t s  use u n d e s i r a b l e .  Those 
disadvantages can be summerlzed as f o l l o w s :
I )  non-uni form r es i dence  t ime because of  the. excel  1ent
mixing of  s o l i d s .  Thereby a non-uni form s o l i d  
product  1s o b t a i n e d ,
I I )  backmlxlng of  r e a c t a n t s  and products w i l l  a l so  oc­
cur wh i l e  they are  absorbed on the  moving c a t a l y s t .
This r e s u l t s  I n ,  loss o f  y i e l d  and lower i ng  of  con­
vers ion  ,
I I I )  t h r ee - pha se  f l u l d l z e d  beds are  c h a r a c t e r i z e d  by 
r e l a t i v e l y  high pressure  drop.  This  may make t h e i r  
use uneconomica l ,
1v ) erosion of  the vessel  may occur as a r e s u l t  of  the
s o l i d  mot ion.
2 .2  Bubble Columns
Bubble columns are simple gas- l1qu1d c on t ac t or s  1n which 
gas 1s bubbled c o - c u r r e n t l y  or  c o u n t e r - c u r r e n t l y  through a 
l i q u i d .  I f  a gas 1s f l owi ng  a t  low v e l o c i t y  1s d i s t r i b u t e d  
1n a l i q u i d  by means of  c e r t a i n  sparger ,  uni form bubbles are  
I n t roduced 1n the column. Thereby t he r e  1s l i t t l e  I n t e r a c ­
t i o n  between the bubbles .  This regime 1s c a l l e d  bubbly r e ­
gime .
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At h i gher  gas v e l o c i t i e s  w i t h  an I n c r e a s i n g  number of  
bubbles ,  the f low becomes u ns t ab l e  and coalescence sets  1n 
l ead i ng  to l a r g e r  d i amet e r  bubbles .  This  f l ow regime (where  
l a r g e  bubbles w i t h  smal l  bubbles are  p r e s e n t )  I s  c a l l e d  
heterogenous regime.
2 . 2 . 1  Advantages and d1sadvantages o f  bubble columns
The main advantages of  the  bubble column over  o t h e r  types  
of  I 1qu1d-gas  c o n t a c t o r  a re  as f o l l o w s :
I )  the absence o f  any moving p a r t s .  Thus no s pec i a l  
mechanical  sea ls  are  r e q u i r e d  when high pressure  
c o n d i t i o n s  are  used,
I I )  good mass and heat  t r a n s f e r  c h a r a c t e r l s t 1 c s ,
I I I )  s imple c o n s t r u c t i o n  and minimum maintenance are  r e -  
q u1r e d ,
1v ) smal l  f l o o r  space r e qu i re me nt s .
Bubble columns a lso s u f f e r  from severa l  d i s adv ant age s .  
The f o l l o w i n g  are  some of  them:
I )  1n bubble columns w i t h  high l e ngt h  to d i a met e r  r a ­
t i o ,  coalesecence o f  bubbles w i l l  occur ,  and hence 
a decrease o f  the 1 n t e r f a c 1 a l  area  a long the  h e i g h t  
of  the column,
I I )  l a r g e  backmlxlng 1n the l i q u i d  phase o f  the column.
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2 .3  Mass T r a n s f e r  1n Three-Phase F I u i d 1 z e d  Beds
Research work 1n t h r e e -p h a se  f 1u 1 d 1 z a t l o n , which spans 
over the l a s t  two decades,  has been concerned w i t h  hydrody­
namics and mass t r a n s f e r .  A g r e a t  deal  of  the  e f f o r t  has 
been devoted to the  f i r s t  t o p i c ,  however,  1n the case of  
mass t r a n s f e r ,  r e l a t i v e l y  much l e ss  work has been done. A1-  
var e z - Cue nca ( 1979)  a t t r i b u t e d  t h i s  Imbalance to the  f a c t  
t h a t  the study o f  hydrodynamics r e q u i r e s  r e l a t i v e l y  simple  
and smal l  equipment ,  whereas s tudy i ng  mass t r a n s f e r  r e q u i r e s  
r e l a t i v e l y  l a r g e  and e l a b o r a t e  exper i menta l  s e t - u p s .
The a x i a l  d i s p e r s i o n  c o e f f i c i e n t  s p e c i f i e s  the mix ing 1n 
a r e a c t o r .  For example,  when the  a x i a l  d i s p e r s i o n  c o e f f i ­
c i e n t ,  E , approaches a very high v a l u e ,  t h i s  means t h a t  the  
f l ow 1s p e r f e c t l y  mixed.  On the o t h e r  hand when the  a x i a l  
d i s p e r s i o n  c o e f f i c i e n t ,  Ey, equals z e r o ,  I t  means t h a t  t he r e  
1s no mixing 1n the  d i r e c t i o n  o f  f l o w ,  and t h a t  plug f low  
c o n d i t i o n s  e x i s t .
In the phys ica l  a bs o r p t i on  of  gases In l i q u i d s ,  the v o l u ­
me t r i c  mass t r a n s f e r  c o e f f i c i e n t  can be r e p r es e nt ed  by the  
f o l l o w i n g  e qua t i on :
N = K^a( C* -  C) (2.1)
Where,
N = the  r a t e  of  abs or b t l on  of  the  gas In the f l u i d .
C ■ the  c o n c e n t r a t i o n  of  d i s so l v e d  gas 
1n the bulk  of  the l i q u i d .
C ■ the e q u i l i b r i u m  c o n c e n t r a t i o n .
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= the  mass t r a n s f e r  c o e f f l c e n t .  
a ■ the  I n t e r f a c i a l  a rea  between the gas and 
l i q u i d  per  u n i t  volume o f  the r e a c t o r .
The v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t  1s the  parameter  
used 1n mass t r a n s f e r  processes to des c r i be  the  degree of  
physica l  a bs o r p t i on  of  a gas 1n a l i q u i d .  Hence when (K^a)  
Increases  the r e s i s t a n c e  decreases.
A survey o f  mass t r a n s f e r  1n t h r ee - p h a s e  f l u l d l z e d  bed 1s 
now 1n o r d e r .
The r a t e s  o f  I 1qu1d-gas  mass t r a n s f e r  1n t h r e e - p h a s e  
f l u l d l z e d  beds have been s t u d i e d  by a number o f  workers .  
A1varez-Cuenca ( 1979)  c i t e d  1n h is  work t h a t  Mass1m1l la e t  
al . ( 1959)  are c r e d i t e d  w i t h  unde r t ak i n g  the  f i r s t  such
study.  The l a t t e r  workers conducted exper iments  1n columns 
having d imeters  o f  3 . 0  to 9 . 0  cm and h e i gh t s  ranging from 10 
and 120 cm. The s o l i d s  c ons i s t e d  of  s i l i c e o u s  sand o f  0 . 0 2 2  
cm mean d ia me t e r ,  and g lass  beads o f  0 . 0 5 0  and 0 . 0 8 0  cm mean 
d i a me t e r .  A mi x t ur e  o f  carbon d i o x i d e  and n i t r o g e n  formed 
the gas phase , whereas wa t e r  formed the l i q u i d  phase.  The 
maximum l i q u i d  s u p e r f i c i a l  v e l o c i t y  was 1 . 8  cm / s  and the  
maximum gas s u p e r f i c i a l  v e l o c i t y  2 . 9  cm/s.  The a bs or p t i on  of  
carbon d i o x i d e  1n wa t e r  decreased w i t h  I n c r e a s i n g  p a r t i c l e  
s i z e  a t  a l l  l i q u i d  v e l o c i t i e s .  The a bs o r p t i on  r a t e  was lower  
1n the t h r ee - pha se  beds than 1n bubble columns.  I t  was con­
cluded t h a t  bubble columns were more e f f e c t i v e  absorbers  
than t h r ee - p h a s e  f l u l d l z e d  beds c o n t a i n i n g  the  forement ioned  
p a r t i c l e s .
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Ostergaard  and Suchozerbrsk1 (1968)  I n v e s t i g a t e d  the r a t e  
of  t r a n s f e r  o f  oxygen from t he  gas phase to the  l i q u i d  phase 
1n beds of  p a r t i c l e s  f l u l d l z e d  by wa t e r  and a mi x t ur e  of
carbon d i o x i d e  and n i t r o g e n .  The s o l i d  phase c ons i s t e d  of  
0 . 1  and 0 . 6  cm glass  beads.  Exper iments were c a r r i e d  out  1n 
a column t h a t  measured 10 cm I . D  and 29 cm h i gh .  The maximum
gas mi x t u r e  s u p e r f i c i a l  v e l o c i t y  was 8 . 4  cm/s.  L i q u i d  sam­
ples were taken a t  s i x  po i n t s  1n the  column and ana lyzed vo-
1u m e t e r l c a l l y  w i t h  bar ium h ydr ox i de .  The plug f low model 
was employed to c a l c u l a t e  va lues  of  the  mass t r a n s f e r  c o e f ­
f i c i e n t  ( K ^ a ) .  The f o l l o w i n g  ob s e r v a t io n s  were made by those  
authors  :
I )  the  va lues  of  (K^a)  Inc r ea s ed  w i t h  gas v e l o c i t y ,
but  were r e a l t l v e l y  Independent  of  the  l i q u i d  v e ­
l o c i t y ,
I I )  beds of  0 . 6  cm p a r t i c l e s  were f e a t u r e d  by high r a t e
of  mass t r a n s f e r ,  on the  o t h e r  hand beds o f  0 . 1  cm
p a r t i c l e s  were c h a r a c t e r l z e d  by low r a t e s  of  mass 
t r a n s f e r ,
I I I )  mass t r a n s f e r  c o e f f i c i e n t s  were observed to de­
crease  w i t h  I n c r e a s i n g  d i s ta n c e  from the d i s t r i b ­
u t o r  1n beds of  0 . 1  cm p a r t i c l e s ,  whereas the  mass 
t r a n s f e r  c o e f f i c i e n t s  1n beds of  0 . 6  cm p a r t i c l e s  
passed through a maximum va lue  w i t h  I n c r e a s i n g  d i s ­
t ance .
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According to Ostergaard  and Suchozerbrskl  ( 1968)  the  
vo l umet r i c  mass t r a n s f e r  c o e f f i c i e n t  Increased wi t h  I n c r e a s ­
ing the gas s u p e r f i c i a l  v e l o c i t y  (Vg ) .  This f a c t  1s gener ­
a l l y  a dmi t t ed ,  but  no cons is tency  e x i s t  as f a r  as the e f f e c t  
of  l i q u i d  s u p e r f i c i a l  v e l o c i t y  (Vz ) 1s concerned.  For I n ­
stance ,  A1varez-Cuenca and Nerenberg (1981)  repor t e d  t h a t  
(K^a) averaged over the e n t i r e  column Increases  wi t h  V^. I t  
1s obvious t h a t  the f low r a t e  ranges covered 1n the  former  
study were s ma l l .  Consequent ly ,  the e f f e c t s  of  j e t s  could  
not be observed.
I t  1s of  I n t e r e s t  to note t h a t  the occurrence of  maximum 
values of  ( a ) which were observed by Ostergaard and Su­
chozerbrsk l  (1968)  a t  y * 50 cm has been conf i rmed by A l v a -  
rez-Cuenca and Nerenberg (1981)  f o r  beds of  glass bead p a r ­
t i c l e s  measuring 0 .3  cm and 0 .5  cm d i a met e r s .
Ostergaard and Fosbol ( 1972)  used the  same exper imenta l  
system which was descr ibed by Ostergaard and Suchozerbrskl  
( 1 9 6 8 ) ,  except  t h a t  pure oxygen was used I n s t e ad  of  carbon 
d i ox i de  and n i t r o ge n  m i x t u r e .  They conf i rmed the  r e s u l t s  ob­
t a i n e d  e a r l i e r  by Ostergaard and Suchozerbrsk 1 ( 1 9 6 8 ) .  They 
also repor t ed  t h a t  the l i q u i d  v e l o c i t y  had no e f f e c t  on the  
absorpt i on  r a t e  1n beds of  0 . 6  cm p a r t i c l e s .  But 1n beds of  
0.1  cm p a r t i c l e s  an I ncrease  1n l i q u i d  v e l o c i t y  caused a 
marked I ncrease  In ( K^ a ) .  The v o l u m e t r i c  mass t r a n s f e r  c o e f ­
f i c i e n t  (K^a) was observed to vary wi t h  h e i g h t  above the  
d i s t r i b u t o r .  Ostergaard and Fosbol ( 1972)  gave the f o l l o w ­
ing reasons f o r  t h i s  v a r i a t i o n :
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I )  the decrease o f  h y d r o s t a t i c  pressure w i th  I n c r e a s ­
ing d is tance  from the d i s t r i b u t o r  w i l l  cause an I n ­
crease 1n gas volume. This  may wel l  a f f e c t  the ab­
s orp t ion  c o e f f i c i e n t ,  but the In f lu e n c e  may 
probably be d is regarded  1n the present  case,  where 
the maximum change 1n the s t a t i c  pressure  1s o f  the  
order  of  20%,
I I )  the absorpt ion  of  oxygen causes the gas mass f low  
r a t e  to decrease w i th  In c re a s in g  d is ta n c e .  Also,  
t h i s  e f f e c t  may probably be d is regarded  1n these  
systems, where the maximum red uc t io n  1s of  the o r ­
der o f  5%,
I I I )  a x ia l  mixing 1n the gas phase may be neg lec ted  1n 
these experiments s ince the gas phase cons is ts  of  
pure oxygen,
1v ) a x ia l  mixing 1n the l i q u i d  phase may In f lu e n c e  the  
absorp t ion  c o e f f i c i e n t s .
Lee and Worthington (1974)  s tud ied  the absorpt ion  o f  c a r ­
bon d iox ide  1n three -phase  beds o f  0 .6  cm p a r t i c l e s .  T h e i r  
®xper1ments were performed 1n a square sec t ion  column t h a t  
Measured 6 .35  cm f o r  each side and 183 cm h igh .  I t  was 
equ1pped w i th  s ix  sampling po in ts  I n s t a l l e d  a t  d i f f e r e n t  
heigh ts .  The values of  (K^a) obta ined  were about 20% higher  
than those repor ted  by Ostergaard and Suchozerbrskl  ( 1 9 6 8 ) .  
The former workers a t t r i b u t e d  t h i s  d i f f e r e n c e  to the use of  
condensate water  r a t h e r  than tap w a te r .  I t  was found t h a t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
(K .a )  1s app ro x im ate ly  p ro p t lo n a l  to V „ . On the o th e r  hand*  g
(K^a) was found to decrease w i th  In c r e a s in g  which,  o b v i ­
o u s ly ,  c o n t r a d i c t s  the f in d i n g s  o f  Oste rgaard  and Fosbol  
( 197 2 ) .
Dhanuka and Stepanek (1980)  s tud ie d  gas- l1qu1d mass 
t r a n s f e r  1n a th re e -p h a s e  f l u l d l z e d  beds. The values  of  
( K^a) were c a l c u l a t e d  from the exper imenta l  data  by means of  
the plug f low model.  They c laimed t h a t  the v o lu m e t r ic  mass 
t r a n s f e r  c o e f f i c i e n t  Increases  w i th  In c r e a s in g  the gas su­
p e r f i c i a l  v e l o c i t y  but  1s Independent  o f  the l i q u i d  s u p e r f i ­
c i a l  v e l o c i t y  ( v^ i *  The values  of  (K^a) obta ined  1n t h e i r  
study agreed w i t h i n  ± 30% w i th  those re p o r te d  by Ostergaard  
and Coworker (1972)  and Lee and Worth ington ( 1 9 7 4 ) .
V a i l  e t  al . ( 1968) presented data on lo n g tu d ln a l  mixing
of the gas and l i q u i d  phases 1n a th r e e  phase system. T h e i r  
equipment conta ined  a r e a c t o r  which measured 14.6  cm I . D  and 
150 cm h igh .  The I n v e s t i g a t i o n s  were conducted w i t h  two 
d i s t r i b u t o r  g r i d s .  A i r  was used as the gaseous phase, tap  
water  as the l i q u i d  phase, and the s o l i d  phase was spheres  
of s l u r r y .  Gas v e l o c i t y ,  Yg , ranged from 1 .5  to 9 .9  cm/s.  
Two l i q u i d  v e l o c i t i e s  were employed; v i z . ,  1 .7  and 3 .07  
cm/s,  r e s p e c t i v e l y .  The exper imenta l  data were processed us­
ing the a x i a l  d is p e rs io n  model .  Ya1l e t  a l . (1968)  re p or te d
t h a t  E Increased w i th  V but  decreased w i t h  V , .y g *•
Mlchelsen and Ostergaard  (1970)  s tud ie d  the e f f e c t s  of  
Vg , and Dp on a x i a l  m ix ing .  The a x i a l  d is p e rs io n  model
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was employed to study these e f f e c t s .  The r e s u l t s  o f  the  
study of Mlchelsen and Ostergaard  (1970)  can be summarized 
as f o l lo w s :
I )  beds of  0 .6  cm p a r t i c l e s  were c h a r a c t e r i z e d  by a
very low degree o f  mixing 1n the l i q u i d  phase. The
I n t e n s i t y  of  mixing 1s Independent  o f  the gas f low  
r a t e  and Increased  s l i g h t l y  w i th  In c re a s in g  l i q u i d  
v e l o c 1 t y ,
I I )  beds of  0 .1  cm p a r t i c l e s  are c h a r a c t e r i z e d  by a
high degree of m ix in g .  The I n t e n s i t y  of  mixing I n ­
creased w i th  decreasing l i q u i d  f low r a t e  and I n ­
c re as ing  gas f low r a t e .  I t  was no t iced  t h a t  a v a r i ­
a t io n  1n d is p e rs io n  occurred w i th  changes 1n V& and
K1m and K1m (1983)  s tud ie d  the a x i a l  d is p e rs io n  c h arac ­
t e r i s t i c s  of  th r e e  phase f l u l d l z e d  beds. They examined the  
e f f e c t s  o f  l i q u i d  v e l o c i t y  on the a x i a l  d is p e rs io n  c o e f f i ­
c i e n t  (V^ ranged from 2 .0  to 13 c m /s ) ,  the  maximum gas ve ­
l o c i t y  employed was 12 cm/s and p a r t i c l e  s i z e  ranged from 
0.17  to 0 .6  cm. K1m and K1m (1983)  re p o r te d  t h a t  the a x i a l  
d is pe rs io n  Increased  w i th  In c re a s in g  the l i q u i d  v e l o c i t y .  
This 1s t r u e  1n the beds of  0 .17  and 0 .3  cm glass beads.  
However, a x ia l  mixing 1n the beds o f  0 .6  cm p a r t i c l e s  was 
n e a r ly  Independent  of  l i q u i d  v e l o c i t y  1n the range o f  8-13  
cm/s .
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Cherry e t  a l . (1978) In v e s t ig a te d  the parameters I n f l u ­
encing dispers ion 1n a three-phase f l u l d l z e d  beds. The ob­
j e c t i v e s  of t h e i r  study were to determine the e f f e c t  of l i q ­
uid v e l o c i t y ,  gas v e l o c i t y  and p a r t i c l e  s ize  on the mass 
t r a n s f e r  c h a r a c t e r i s t i c s  of  three-phase f l u l d l z e d  beds. The 
experiments were c a r r i e d  out 1n 15 cm 1.0 (6 in )  and 7 .5  cm 
(3 in )  I .D  columns, using glass beads of d i f f e r e n t  diameters  
( 0 . 3 ,  0 .46  and 0 .6  cm) as the s o l id  phase. The l i q u i d  v e lo c ­
i t i e s  (aqueous g l y c e r o l )  ranged from 5 to 12 cm/s, and the 
gas v e l o c i t i e s  ranged from 4 to 16 cm/s. They concluded t h a t  
the volumetr ic  mass t r a n s f e r  c o e f f i c i e n t ,  (K^a) ,  increased  
with Increas ing the gas v e l o c i t y  and p a r t i c l e  d iameter .  Fur­
thermore,  they claimed t h a t  there  1s no c ons is te n t  r e l a t i o n ­
ship between l i q u i d  v e l o c i t y  and (K^a) .  They also repor ted  
t h a t  the a x ia l  d ispers ion  c o e f f i c i e n t s ,  E , 1n the 15 cm I .D  
column were higher  than those 1n the 7 .5  cm I . D .  They j u s t i ­
f i e d  t h a t  by In d i c a t i n g  t h a t  the s o l id  motion and backmlxlng 
are more permit ted  In the la rg e  column.
The mass t r a n s f e r  of  oxygen between a i r  and dexogenated 
water 1n three-phase  f l u l d l z e d  beds contain ing  ( 0 . 1 , 0 . 3  and
0 .5  cm glass beads) was studied by Alvarez-Cuenca(1 9 7 9 ) .  Ex­
periments were performed 1n a two-dimensional p le x ig la s s  
column which had 51 sampling taps from which l i q u i d  samples 
could be withdrawn and analyzed.  The column measured 250 cm 
high,  66 cm wide,  and 2 .5  cm deep. The f l u i d s  used consisted  
of a i r  and deaerated tap water .  The a i r  v e l o c i t i e s  used
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ranged from 4 to 28 cm/s.  The l i q u i d  v e l o c i t i e s  ranged be­
tween the a p p r o p r ia t e  minimum f lu1d1z1ng v e l o c i t y  and the  
upper l i m i t  (10 cm/s) p e r m i t te d  by the exper imenta l  s e t - u p .
The c o n c e n t r a t io n  p r o f i l e s  a t  low gas r a t e s  (4 cm/s) were 
g e n e r a l l y  S-shaped. The oxygen c o n c e n t r a t io n  remained p ra c ­
t i c a l l y  constan t  w i t h i n  the g r id  r e g io n .  Furthermore the  
c on c e n t ra t io n  Increased  1n the bulk reg ion  o f  th ree -ph a se  
Tlu1d1zed bed. T h e re fo re  the  steep r i s e  1n c o n c e n t r a t io n  
took p lace 1n the s o l i d -  f r e e  zone above the bed. At high
ra tes  (28 c m /s ) ,  the c o n c e n t r a t io n  Increased  r a p i d l y  w i th  
h e ig h t ,  so t h a t  the S-shaped curves became less  pronouced.
Alvarez-Cuenca  e t  a l . ( 1 9 7 9 ,1 9 7 9 a )  a n a ly zed ,  from an ex­
per imenta l  p o in t  v iew,  the v a l i d i t y  and l i m i t a t i o n s  o f  the  
t h r e e - f l o w  models,  l . e ,  the plug f low model,  a x i a l  d i s p e r ­
sion model and the two-zone model which was proposed by A l -  
varez-Cuenca ( 1 9 7 9 ) .  According to t h e i r  a n a ly s i s  the f o l l o w ­
ing conclusions  were re p o r te d  :
I )  a t  low gas s u p e r f i c i a l  v e l o c i t y  (Vga 4 cm/s) the  
c o n c e n t ra t io n  p r o f i l e s  1n beds o f  0 .1  cm p a r t i c l e  
s iz e  were f a i r l y  re presented  by the plug f low  and 
the a x ia l  d is p e rs io n  models,
I I )  a t  high gas and l i q u i d  s u p e r f i c i a l  v e l o c i t i e s  n e i ­
t h e r  the plug f low model nor the a x i a l  d is p e rs io n  
model s a t i s f a c t o r i l y  descr ibed  the c o n c e n t ra t io n  
p r o f i l e s  In  th ree -p h a se  f l u l d l z e d  beds,
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111) the two-zone model p resented  a s i g n i f i c a n t  Improve­
ment 1n comparison w i t h  the  a x i a l  d is p e r s io n  model 
and the  plug f low model.  However,  1 t  was not  suc­
c e s s fu l  1n p r e d i c t i n g  the S-shaped c o n c e n t r a t io n  
p r o f i l e s  observed a t  low gas and l i q u i d  s u p e r f i c i a l  
v e l o c 1 t i e s .
A lvarez -Cuenca  e t  al . ( 1984 )  concluded t h a t  (K^a) I n ­
creased l i n e a r l y  w i th  the gas v e l o c i t y  re g a r d le s s  o f  the  
model used. They a lso  re p o r te d  t h a t  the v o l u m e t r i c  mass 
t r a n s f e r  c o e f f i c i e n t  determined by means o f  the two-zone  
model Inc reased  w i th  In c r e a s i n g  the  l i q u i d  s u p e r f i c i a l  v e ­
l o c i t y .  F ur therm ore ,  A lvarez -Cuenca  and Nerenberg (1981 )  
s ta te d  t h a t  (K^a) c a l c u l a t e d  from the  plug f low model I n ­
creased w i th  I n c r e a s i n g  the  l i q u i d  s u p e r f i c i a l  v e l o c i t y .
2 .4  Models f o r  D e s c r ib in g  Mass T r a n s f e r  In  Three-Phase  
FLUTUIZFP~BKDS' ------- -------------------------------------------------------------
2 . 4 . 1  General
A mathemat ical  model ,  Is  an express ion  capable  of  symbol­
i z i n g  a re a l  process .  In the development  o f  any mathemat ical  
model one has to bear 1n mind t h a t  good mathemat ica l  models 
should be based on r e l a s t l c  assumptions.  F ur therm ore ,  the  
c lose  c o n fo rm i ty  o f  the  model to the  exper im enta l  data  1s a 
major c r i t e r i o n  f o r  the model 's  success.  A p e r f e c t  agreement  
should not  be expected ,  however,  good agreement should be 
obta ined  1n o rd er  to render  the model a c c e p ta b le  f o r  e n g i ­
neer ing  purposes.
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In the l i g h t  o f  the present  l i t e r a t u r e  search,  1 t  has 
been n o t ic e d  t h a t  even when s i m i l a r  exper imenta l  and t h e o r l -  
cal c o n d i t io n s  e x i s t e d ,  d i f f e r e n t  r e s u l t s  were o b ta in e d .  
This cont roversy  might  be a t t r i b u t e d  to absence o f  adequate  
mathematical  models.
The s im p le s t  r e a c t o r  model 1s the plug f low model (PFM).  
No re a l  r e a c t o r  can be descr ibed  by such a model , however,  
some re a c t o r s  c l o s e l y  approach the Id e a l  b ehav ior  descr ibed  
by the plug f low model.  In several  o th e r  cases the  a x i a l  
d is p e rs io n  model has been w id e ly  u t i l i z e d  to d escr ibe  mass 
t r a n s f e r  1n th re e -p h a s e  f l u l d l z e d  beds.
The two-zone model has been developed by A lvarez-Cuenca  
(1979)  and was shown to g ive  b e t t e r  f i t  f o r  the exper imenta l  
data than the plug f low model and the a x i a l  d is p e rs io n  model 
e s p e c i a l l y  a t  very l a r g e  gas and l i q u i d  s u p e r f i c i a l  v e l o c i ­
t i e s .
2 . 4 . 2  Rev1ew o f  ex1st1ng models
1) The plug f 1ow model ( PFM)
The plug f low model 1s considered  one o f  the  
s im p le s t  f l o w - r e a c t o r  models.  I t  re p res e nts  an 
Idea l  model which cannot p r e d i c t  the performance of  
rea l  r e a c t o r  1n the m a j o r i t y  o f  cases.  The f low  
behaviour  of  ac tua l  r e a c t o r s  d e v ia te s  from the p r e ­
d i c t i o n s  o f  the plug f low model because of  the f o l ­
lowing reasons:
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a) non-un1form v e l o c i t y  p r o f i l e ,
b) v e l o c i t y  f l u c t u a t i o n  due to m o le cu la r  or t u r b u ­
l e n t  d i f f u s i o n ,
c) shor t  c i r c u i t i n g ,  bypassing and channel ing of  
f l u i d .
In the development of  the plug f low model,  I t  
1s assumed t h a t  th e r e  1s no a x i a l  mixing 1n e i ­
t h e r  f l u i d  phase. Under steady s t a t e  c o n d i t i o n s ,  
the d i f f e r e n t i a l  equat ion  and the boundary con­
d i t i o n s  d e s c r ib in g  mass t r a n s f e r  are  as f o l lo w s :
The c o n c e n t r a t io n  o f  the d i f f u s i n g  species Is
c e n t r a t l o n  and y 1s the d is ta n ce  above the g r i d .
Equat ion ( 2 . 2 )  can be I n t e g r a t e d  by s e p a r t ln g  
the v a r i a b l e s ,  then using the boundary c o n d i ­
t io n s  given by equat ion  ( 2 . 3 )  as f o l l o w s :
■ KAa<C*  '  C> (2 .2 )
y = 0 C = C,0 (2.3)
*
denoted by C. C rep resents  the e q u i l i b r i u m  con-
/
C dC Kja
U . 4 )
C0 (C*-C) V4 o
C = C* -  (C* -  CQ)e (2.5)
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The expe r im e nta l  data  were f i t t e d  to Equat ion  
( 2 . 5 )  1n o rd e r  to c a l c u l a t e  ( K^a) as d escr ibed  
1n Chapter  3 .  The computer program used Is  g iven  
1n Appendix C.
11) The a x i a l  d1sperslon model ( ADM)
The a x i a l  d is p e r s io n  model 1s a two parameter  
model which takes  I n t o  account  some degree o f  back-  
mixing 1n the  d i r e c t i o n  o f  f l o w .  The a x i a l  d i s p e r ­
sion c o e f f i c i e n t  c h a r a c t e r i z e s  the  degree o f  back-  
mixing  dur in g  f lo w  and accounts f o r  mixing both by 
m o le c u la r  d i f f u s i o n  and by t u r b u l e n t  e d d ie s .  The 
a x i a l  d is p e r s io n  model 1s based on the f o l l o w i n g  
assumptlons:
a) the c o n c e n t r a t i o n  and the  f l u i d  v e l o c i t y  across  
the vessel  d iam eter  are  c o n s t a n t ,
b) the magnitude o f  d is p e r s io n  ( a x i a l  d is p e r s io n  
c o e f f i c i e n t )  1s Independent  o f  p ost ion  w i t h i n  
the vessel  .
The I n t e n s i t y  o f  mix ing 1n a r e a c t o r  could be p r e d i c t e d  
by means o f  the v a lu e  o f  the a x i a l  d is p e r s io n  c o e f f i c i e n t .  
For I n s t a n c e ,  when the a x i a l  d is p e r s io n  c o e f f i c i e n t  ap­
proaches a very high va lue  (E «> ) ,  t h i s  Im p l i e s  t h a t
the f lo w  1s p e r f e c t l y  mixed.  On the o th e r  hand when E 0 
1t  means t h a t  no mix ing e x i s t s  1n the  d i r e c t i o n  o f  f lo w .  The 
l a t t e r  1s p r e c i s e l y  the  d e f l n a t l o n  o f  p lug f lo w .  The d i f f e r ­
e n t i a l  equat ion  and the  boundary c o n d i t io n s  are  as f o l l o w s :
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d2C „ dC *
Ev H  “ Vjl —  + K£a<C -C) = 0 <2*6>y dy *  dy *
The Langmulr 's  Boundary c o n d l t 1 o n s ( Langmulr , 1912) are  
given by:
y -  L §  -  0 (2.7)
VjCtO) -  V4C(0) -  Ey (2.8)
where,  ' + ' I n d i c a t e s  t h a t  the f low 1s above the re f e r e n c e  
l e v e l  ( g r i d  l e v e l  1n our c a s e ) ,  and 
I n d i c a t e s  t h a t  the  f low 1s below the r e f e r e n c e  
l e v e l  ( g r i d  l e v e l  1n our c a s e ) .
Equat ion ( 2 . 6 )  1s a d i f f e r e n t i a l  equat ion  which has the  
f o l l o w i n g  s o l u t i o n  :
C -  Aepy + B eny (2.9)
where
n = (2.10)
p = v „ i 2. i i )£ 2E.i
eE.
p -  (1 + 4 P ^ ) 1 /2  (2 .1 2 )
£
e « - 4 -  (2.13)
£
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-nV)l(C*-Co>eln' P)L
A p[Eyn(1-eln' p,L) -  V ^ l  -  £ e tn‘ p,L) ]  
v .(c * -c n)
8 ’  Eyn(1-e(n- p)L) -  Vt (l -  £  e ln- p,L)
Exper imental  data are f i t t e d  to Equat ion ( 2 . 9 )  to prov ide  
values f o r  the constants  A, B, p and n. These constants  are  
then used in Equat ions ( 2 . 1 0 )  to ( 2 . 1 5 )  to determine the  
values o f  the v o lu m e t r ic  mass t r a n s f e r  and the a x i a l  d i s p e r ­
sion c o e f f i c i e n t s .
111) The two-zone model ( T-ZM)
The work of  A lvarez-Cuenca (1979)  re vea led  the  
presence o f  two d i s t i n g u i s h a b l e  mass t r a n s f e r  zones 
in th ree -p h a se  beds and bubble columns, 1 . e ,  the  
g r i d  zone and the bulk zone. The e x is ten c e  of  such 
two d i s t i n g u i s h a b l e  mass t r a n s f e r  zones led  A lv a -  
rez-Cuenca (1979)  and A lvarez-Cuenca e t  a l . (1979a
and 1980) to the Idea of  I n t e r f a c i n g  two plug f low  
models a t  the boundary o f  sep e ra t lo n  between the  
g r id  and bulk zones.  The development o f  the model 
1s as f o l l o w s :
a) Gr id zone
Equation ( 2 . 1 6 )  re p res n ts  the plug f low model 
used 1n the g r id  reg ion  :
d £ = l ^ T G  (C*_C} 0 £ y s b  (2 - 16 ,
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where 1s the v o lum et r ic  mass t r a n s f e r
c o e f f i c i e n t  1n the g r id  zone.
The boundary c o n d i t io n  are :
y = 0 C = Cq (.2.17)
The s o lu t io n  o f  Equation ( 2 . 1 6 )  1s given by
C* -  C = (C* -  CQ)e“0y (.2.18)
where
(K.a)Tr
9 -  h TG (2-19)
I
b) Buik zone
Equation ( 2 . 2 0 )  represents  the plug f low mod­
el used 1n the bulk zone : 
dC (K0a)TR *
3y -  y TB (c -  C) y i  b (2.20)
where (K a) 1s the v o lum et r ic  mass t r a n s f e r
& TB
c o e f f i c i e n t  1n the bulk zone. The boundary con­
d i t i o n  are :
y -  b C -  Cb (2.21)
The s o l u t io n  to Equation ( 2 . 2 0 )  Is  given by:
C* - C -  G e~ay (2.22)
where
a = -  ft JB (2.23)
VS.
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(2.24)
A lv a r e z - C u e n c a ( 1979) and Alvarez-Cuenca and 
Nerenberg(1981)  c laimed t h a t  the two-zone model 
represented  a s i g n i f i c a n t  Improvement over the  
a x ia l  d is p e rs io n  model or plug f low model.  Ac­
cording to A lv a re z -C u e n c a ( 1 9 7 9 ) ,  the b e t t e r  p e r ­
formance o f  the two-zone model can be a t t r i b u t e d  
to ta k in g  I n t o  account the the e x is te n c e  o f  two 
zones 1n which the mass t r a n s f e r  ra te s  are d i f ­
f e r e n t .
However, as In d i c a t e d  e a r l i e r  one can ques­
t io n  the phys ical  grounds on which the two-zone  
model was developed,  s ince 1 t  was t a c i t l y  as­
sumed 1n the development o f  t h a t  model t h a t  plug  
f low c o n d i t io n s  p r e v a i l  1n the e x i s t i n g  two mass 
t r a n s f e r  zones.  This  assumption c o n t r a d i c t s  the  
f a c t  t h a t  two d i s t i n c t  zones e x i s t ,  1n which 
d i f f e r e n t  mass t r a n s f e r  c h a r a c t e r l s t 1 c s  are  
p r e s e n t .
A lv a re z  Cuenca e t  a l . (1984)  compared the ax­
i a l  d is p e rs io n  model w i th  the two-zone model and 
concluded t h a t  the two-zone model 1s a more 
f l e x i b l e  model than the a x ia l  d is p e rs io n  model 
and f i t s  b e t t e r  t h e i r  exper imenta l  da ta .  They
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also pointed out  t h a t  1f  the s epa ra t ion  boundary 
parameter ,  b, had been al lowed to v a ry ,  the two-  
zone model would have been even b e t t e r  a t  f i t ­
t in g  the c on c en t ra t ion  p r o f i l e s .
1v ) The proposed model ( PM)
As In d ic a t e d  e a r l i e r ,  Alvarez-Cuenca (1979)  u t i ­
l i z e d  c on c e n t ra t io n  contour diagrams to show t h a t  
most o f  the oxygenat ion took place 1n the lower  
p a r t  of the column which c o n s t i t u t e s  the "g r id"
zone. A small amount of oxygenat ion 1s achieved 1n
the "bulk" zone.
the approach adopted 1n the development of  the  
proposed model Invo lved  I n t e r f a c i n g  of  a plug f low
model and an a x ia l  d ispers ion  model a t  the boundary 
between the "g r id "  and "bulk" re g io n s .  The proposed 
model conta ins  th ree  parameters;  v i z . ,  v o lum et r ic
mass t r a n s f e r  c o e f f i c i e n t  1n the g r id  zone, (K^a)pG , 
vo lum etr ic  mass t r a n s f e r  c o e f f i c i e n t  1n the bulk  
zone, (K^alpg,  and an a x ia l  d is pe rs io n  c o e f f i c i e n t  
1n the bulk zone, E . The mathematical  d e r i v a t i o n  
1s given below,
a) Gr1d zone
The d i f f e r e n t i a l  equat ion and the correspond­
ing boundary c o n d i t io n  are given by,
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dC-i (K-a)pr, *
I  A H h  (c .  c) O g y g b  (2.25)
y I
y 3 0 C1 -  C0 (2. 26)
The s o l u t i o n  o f  Equat ion  ( 2 . 2 5 )  1s :
^  -  C* -  (C* -  C0)e-My (2.27)
where
(^£a)pg
M = — g -  (2.23)
v5.
b) Bulk zone
The Mass balance equat ion  1s given by :
d2C, dC, *
^  W  '  V* + {<^ P B  (C - C2) -  °  y '  » (2‘Z9)
1f  one cons iders  
C* -  c2 -  c2 
then
d2C« dC«
Ey -  Vi  -  ‘ V > P B  C2 -  0 <2 -30>
Equat ion ( 2 . 3 0 )  1s a second o rd e r  homogenous 
d i f f e r e n t i a l  equat ion  w i th  c on s ta n t  c o e f f i ­
c i e n t s .  The s o l u t i o n  1s
C2 = ^ e 0*  + k2eyy (2.31)
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where,
0 = o f ” 0  + <J>) (2.32)
y
U -  o f “ (1 -  ♦)  (2 .3 3)
y
*  = (1 + (2.34)
n
Now, Equat ion ( 2 . 3 1 )  can be r e w r i t t e n  as f o l -  
1 ows :
C2 = C* -  k-je0^ -  k2ewy (2.35)
Boundary c o n d i t io n s
dC«
y = L dy 0 ( 2- 36>
y = b C1 = c2 (2.37)
D i f f e r e n t i a t i n g  Equat ion ( 2 . 3 5 )  w i t h  re sp e c t  
to y , y1e ld s
^ 2 .  == -k^ee9^ -  k2ue9y (2.33)
s u b s t i t u t i n g  Equat ion  ( 2 . 3 6 )  I n t o  Equat ion  
( 2 . 3 8 )  y i e l d s
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s u b s t i t u t i n g  Equat ion  ( 2 . 3 9 )  I n t o  ( 2 . 3 5 ) ,  y i e l d s
C2 = C* -  kgCeW -  H. e ^ - 0) L e9y] (2.40)
Equat ion ( 2 . 3 7 )  Im p l i e s  t h a t  Equat ion  ( 2 . 2 7 )  and
( 2 . 4 0 )  a re  I d e n t i c a l  a t  the  boundary y»b ,  t h e r e ­
f o r e  ,
I t  should be noted here t h a t  the concen­
t r a t i o n  across y *  b 1s c o n t ln o u s .
The exper im enta l  data were f i t t e d  to Equa­
t io n s  ( 2 . 2 7 )  and ( 2 . 4 2 )  to determine  the  values  
of  M, U , and 9 .
k2 = .  £  e(U-e)L e9b + eyb
9
(2.41)
s u b s t i t u t i n g  Equat ion ( 2 . 4 1 )  I n t o  Equat ion
( 2 . 4 0 )  g ives
.  (C*-C0)e -Mb[ e ^  -  (U)e (P-9)L+ey:
[ eyb .  0 e(w-0)L + eb3 (2.42)
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Knowledge o f  the va lue  o f  M permits  the c a l ­
c u l a t i o n  o f  the v o lu m e t r ic  mass t r a n s f e r  c o e f f i ­
c i e n t  1n the g r i d  r e g io n ,  ( K ^ a ) pG from Equat ion  
( 2 . 2 8 ) .  The values  of  u and 9 can be used w i th  
Equations ( 2 . 3 2 )  and ( 2 . 3 3 )  to determine  the  
values of  E and <f> which can be I n s e r t e d  In t o  
Equat ion ( 2 . 3 4 )  to c a l c u l a t e  the v o lu m e t r ic  mass 
t r a n s f e r  1n the bulk r e g io n ,  (K ^ a )p g .
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Chapter  I I I  
EXPERIMENTAL
3 .1  General
The technique  used 1n t h i s  study c ons is ted  o f  removing
the oxygen d isso lved  1n the water  used by s t r i p p i n g  1n a
s t r i p p i n g  column operated  under vacuum. The deaera ted water  
was then pumped In t o  the f l u l d l z e d  bed column where 1 t  was 
mixed w i th  oxygen. The oxygen c o n c e n t ra t io n  was measured a t  
d i f f e r e n t  lo c a t i o n s  1n the column as w i l l  be descr ibed  l a t ­
e r .  Since l a r g e  volumes of  water  are  needed 1n order  to  
study the e f f e c t  o f  high l i q u i d  s u p e r f i c i a l  v e l o c i t i e s  on 
mass t r a n s f e r ,  1 t  was necessary to re c y c le  the water  to make 
the process economical ly  f e a s i b l e .
The m a t e r i a l s  used 1n t h i s  study cons is ted  o f  the f o l l o w ­
ing:
I )  s ph e r ic a l  g lass beads w i th  d iameters o f  0 .3  and 0 .5  
cm to re p re s e n t  the s o l i d  phase,
I I )  o i l - f r e e  compressed a i r  as the gas phase, and tap
water  as the l i q u i d  phase.
31
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Exper imenta l  Se t -up
Key
I a i r  s a t u r a t o r
2 a i r  ro tameters
3 hygrometer
4 vacuum pump
5 vacuum t ra p
6 s t r i p p i n g  column
7 pumps
8 tank
9
10
c o l l
v e n t u r lm e t e r
U two-d imensiona l  column
i z mix ing cel  1
13 oxygen probe
U oxygen meter
15 magnetic s t i r r e r
16 a i r  vents
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3.2  Exper lmental  Set-Up
The exper imental  se t -up  used 1n t h i s  I n v e s t i g a t i o n  1s 
comprised of  four  u n 1 t s ; v 1 z . ,
I )  two-d1ment1onal column,
I I )  a1r  s a t u r a t o r ,
I I I )  s t r i p p i n g  column, —-
1v ) sampling and a n a l y t i c a l  system.
3 . 2 . 1  The two-d1mens 1onal column
The dimensions of  t h i s  column are 250 cm h igh ,  66 cm 
wide, and 2 .5  cm deep. The two-dimensional  column has a p e r ­
fo r a t e d  p l a t e  a t  the bottom which serves as a d i s t r i b u t o r .  
Glass beads are used 1n t h i s  column to r e p re s e n t  the s o l i d  
phase. The s a tu ra te d  a i r  1s In t roduced a t  the bottom of  the  
two-dimensional  column through four  1 cm I . D  s t a i n l e s s  
steel  nozzles as shown 1n F igure  3 . 1 .  These nozzeles are 22 
cm a p a r t .  The deaerated water  f lows to the bottom o f  the  
two-dimensional  column.
Vents are provided a t  the top of  the two-dimensional  c o l ­
umn f o r  a i r .  Water 1s re tu rn e d  from the top of  the column to 
the tank through two 3 .75  cm I . D  PVC p ip e .  S t a in le s s  s tee l  
screens are used a t  the top o f  the column to prevent  the  
c ar ryo v er  o f  g lass beads to the tank .
The f r o n t  face of  the column 1s equipped w i th  110 s t a i n ­
less s tee l  tap s .  These taps are arranged 1n a m a t r ix  form 
with  5 v e r t i c a l  columns and 22 h o r i z o n ta l  rows. The f i r s t
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Figure  3 . 3 :  P i c t o r i a l  View o f  The Exper imental  S e t -u p .
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and l a s t  columns o f  the m a t r ix  are  arranged 1n l i n e  w i th  the  
f i r s t  and l a s t  n o z z le s .  The r e s t  of  m a t r ix  columns are  
I1ned-up 1n m1d-d1stance between the o th e r  n o z z le s .  Fur ­
thermore,  the taps are concenrated 1n the v i c i n i t y  o f  the  
d i s t r i b u t o r .  Each of  these sampling taps 1s covered w ith  
s t a i n l e s s  s tee l  screens from In s id e  to p re ve n t  g lass beads 
from plugging the  sampling p o r t s .  Also cot ton  1s used 1n the  
sampling ports  to e l i m i n a t e  bubble format ion  which can r e ­
s u l t  1n erroneous read ings on the oxygen m eter .  The d i s t r i ­
but ion of  the sample por ts  1s dep ic ted  1n F igure  3 .2  . A
p i c t o r i a l  view o f  the exper imenta l  se t -up  1s given 1n F igure  
3 . 3 .
3 . 2 . 2  The s t r l p p i n g  column
The purpose of  t h i s  u n i t  1s to deoxygenate the w a te r .  
The dimensions of  t h i s  s t r i p p i n g  column are 370 cm high and 
50 cm I . D  d ia m e te r .  I t  c on s is ts  of  s ix  p l e x i g l a s s  sec t ions  
and one s t a i n l e s s  s te e l  sec t ion  a t  the bottom. These sec­
t ions  are b o l te d  t o g e th e r  w i th  vacuum gaskets 1n between.  
The I n l e t  o f  the s t r i p p i n g  column is  lo c a t e d  a t  the top 
( s i x t h  s e c t i o n ) .  Water passes through a p e r f o r a t e d  pipe d i s ­
t r i b u t o r ,  where 1 t  1s s p r in k le d  over a p l e x i g l a s s  p e r f o r a t e d  
Pla te  which r e d i s t r i b u t e s  the l i q u i d .  A vacuum l i n e  and ma­
nometer are  I n s t a l l e d  1n the s i x t h  s e c t i o n .  The f i f t h  sec­
t ion  of  the column 1s f i l l e d  w i th  2 .5 4  cm p o r c e la in  I n t a l o x  
saddles and 1 t  represents  the f i r s t  packed s tag e ,  meanwhile,
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the fo u r t h  sec t ion  acts as the second packed s tage .  The 
t h i r d  s ec t ion  separa tes  the two packed s e c t i o n s .  A second 
vacuum l i n e  1s connected to t h i s  s e c t i o n .  P e r f o r a t e d  s t a i n ­
less s tee l  p la te s  between the second and the t h i r d  stages  
and a lso  between the f o u r t h  and the f i f t h  stages are b o l te d  
to support  the pack ing.  The lower sec t ions  are a c t in g  as 
r e s e r v o i r s .  The o u t l e t  o f  the s t r i p p i n g  column 1s lo c a te d  a t  
the s t a i n l e s s  s te e l  s e c t i o n .  I t  should be noted here t h a t  
the s t r i p p i n g  column 1s equipped w i th  a s t a i n l e s s  s te e l  dem­
i s t e r  lo c a te d  a t  the top to prevent  m is t  ent ra lnment  I n t o  
the vacuum l i n e .  Furthermore ,  a t ra p  1s lo c a t e d  between the  
vacuum l i n e  and the vacuum pump.
3 . 2 . 3  The a i r  s a t u r a t o r
The purpose o f  t h i s  u n i t  1s to s a t u r a t e  the a i r .  I t  con­
s is t s  of  a p l e x i g l a s s  column measuring, 160 cm 1n h e ig h t  and 
34 cm I . D .  The s a t u r a t o r  1s packed w i th  1 .25  cm ( 1 / 2  1n ) 
p o re c e la ln  I n t a l o x  saddles to a h e ig h t  of  40 cm. A nozz le  a t  
the top of  the column sprays water  to s a t u r a t e  the a i r  which 
1s In t roduced  a t  the bottom of  the s a t u r a t o r .  The s a tu ra te d  
a i r  passes through a hygrometer then through four  I d e n t i c a l  
rotameters  1n p a r a l l e l ,  where the f low r a t e  of  a i r  1s meas­
ured.  This a i r  1s In t roduced  a t  the bottom o f  the t w o - d i ­
mensional column through four  nozzeles as shown 1n F igure  
3 . 1 .  The r e l a t i v e  humidi ty  of  a i r  1s measured by an o n - l i n e  
hygrometer .
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Figure  3 . 4 :  P i c t o r i a l  View of The Sampling Cel l  and Oxygen 
A n a ly ze r .
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3 . 2 . 4  The samp!1ng and a n a l y t i c a l  system
The purpose of  t h i s  system Is  to measure the d isso lved  
oxygen c on c e n t ra t io n  1n a sample. This system c ons is ts  of  
the f o l l o w i n g
I )  110 sampling taps lo c a te d  1n the f r o n t  face o f  the . 
column,
I I )  a mixing c e l l ,  f l e x i b l e  p l a s t i c  tubes ,  and
I I I )  a d isso lved  oxygen a n a l y z e r .
The mixing c e l l  1s made of  p l e x i g l a s s .  I t s  base as wel l  
as I t s  cover c o n s is t  of 9 cm square p l e x i g l a s s  s la b s .  The 
. bottom and the top are b o l te d  t o g e th e r  1n order  to provide  
w a t e r t i g h t  s e a l .  The c e l l  h e ig h t  1s about 2 .5  cm and 6 cm.
I . D .  There are two I n l e t s  lo c a te d  on oppos i te  s ides o f  the
c e l l .  The f i r s t  I n l e t  1s connected to the d i s t i l l e d  water  
c o n ta in e r  used f o r  c a l i b r a t i o n  purposes.  The second I n l e t  
can be connected to any o f  l i O  taps lo c a te d  on the column.
An o u t l e t  1s lo c a te d  a t  the top of  the c e l l .
The c e l l  1s placed on a magnetic s t i r r e r  to keep the con­
ten ts  o f  the c e l l  w e l l  s t i r r e d  and to prevent  c o n c e n t ra t io n  
P o l a r i z a t i o n  a t  the oxygen probe sur face  which 1s lo c a te d  a t  
the top o f  the c e l l .
The oxygen a n a ly z e r  dev ice  c o n s is t  o f  an oxygen probe(YSI  
5739) In s e r t e d  1n the mixing c e l l  and connected to a d i s ­
solved oxygen meter .  A p i c t o r i a l  view o f  the sampling c e l l  
and oxygen a n a ly z e r  is  g iven 1n F igure  3 . 4 .
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3 .3  Exper imental  Procedure
The f o l l o w i n g  procedure was fo l lowed  s y s t e m a t i c a l l y  f o r  
each run :
I )  a i r  1s switched on and 1s p e r m i t te d  to achieve the  
des ired  humid i ty  1n the s a t u r a t o r ,
I I )  the tank 1s f i l l e d  up w i th  water  and the pumps are  
switched on to pump water  through the equipment,
I I I )  the oxygen probe 1s c a l i b r a t e d  and the c onc en t ra ­
t i o n  of the  wate r  before  s t r i p p i n g  1s recorded,
1v) the vacuum pump 1s switched on,
v) several  measurements o f  oxygen c o n c e n t ra t io n  1n the
column are taken to ensure t h a t  steady s t a t e  1s 
achieved and t h a t  the oxygen c o n c e n t ra t io n  1n the  
stream l e a v in g  the  s t r i p p i n g  column 1s around 1 
mg/L or l e s s ,
v1) the water  f low r a t e  1s ad jus ted  to the des i red  r a t e
as measured by the v e n t u r l m e t e r , 
v11) a i r  1s I n j e c t e d  a t  the des ired  r a t e  as measured by
the ro tam e te rs ,  
v l 11) the mapping of  the column 1s c a r r i e d  out as fo l low s
a) one of  the sampling ports  1s connected to the  
mlx1ng cel 1,
b) about 400 ml of  water  1s a l lowed to pass through  
the c e l l  to f lu s h  out the previous sample,
c) the reading on the oxygen meter 1s taken,
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d) step (c )  1s repeated  a t  5 m1n I n t e r v a l s  to con­
f i r m  the re ad in g ,
e) the same steps are repeated  f o r  each sampling  
p o i n t .
3 .4  The Gas and L1qu1d Superf1c1a l  Ve loc1t1es
In order  to v a l i d a t e  the e x i s t i n g  mathematical  models and 
the proposed model,  1 t  1s Im por tan t  to employ d i f f e r e n t  f low  
c o n d i t io n .  The l i q u i d  and gas s u p e r f i c i a l  v e l o c i t y  ranges 
employed were 5-12  cm/s and 8-43 cm/s r e s p e c t i v e l y .  The com­
b in a t io n  o f  these v e l o c i t i e s  r e q u i re s  9 exper iments 1n the  
bubble column mode, 9 exper iments 1n 0 .3  cm f l u l d l z e d  bed 
mode and 9 exper iments In 0 .5  cm f l u l d l z e d  bed mode.
3 .5  The Exper imental  Data
The oxygen c o n c e n t ra t io n  data gathered 1n t h i s  study are  
given 1n Appendix A. These data are used to prepare the con­
c e n t r a t i o n  contour  diagrams which are repor ted  1n Appendix B 
and to c a l c u l a t e  the parameters of  the var ious  models.
Flow c o n d i t io n s ,  I n i t i a l  c o n c e n t ra t io n  and r e l a t i v e  hu­
m id i ty  are provided f o r  each exper iment  w i th  the data ap­
pear ing 1n Appendix A.
I t  should be noted here ,  t h a t ,  the I n i t i a l  c o n c e n t ra t io n  
Is the c o n c e n t ra t io n  o f  the deoxygented water  l e a v in g  the  
s t r i p p i n g  column a t  steady s t a t e .
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3.6  C a l c u l a t i o n  o f  Vo lum etr ic  Mass T r a n s f e r  and D is pers ion  
Eoef  f  IcienTrs
The vo lu m et r ic  mass t r a n s f e r  c o e f f i c i e n t s  are computed by 
means of d i f f e r e n t  mathematical  models,  namely, the plug  
f low model,  the a x i a l  d is p e rs io n  model ,  the two-zone model 
and the proposed model.  The a x ia l  d is pe rs io n  parameters are  
obtained when the a x ia l  d is p e rs io n  and the proposed models 
are used to f i t  the exper imental  d a t a .  The c a l c u l a t i o n  pro ­
cedure w i l l  be e xp la ined  1n terms o f  the model considered 1n 
the f o l l o w i n g  subsect ion .
3 . 6 . 1  The vo lum etr i  c mass t r a n s f e r  c o e f f 1 c 1 e n t  e va lua ted  
by the plug tTow modeT
The plug f low model Is  c h a r a c t e r i z e d  by a s i n g l e  parame­
t e r ,  1 . e ,  v o lum et r ic  mass t r a n s f e r  c o e f f i c i e n t  (K^a) .  This  
parameter was determined by using Equat ion ( 2 . 5 ) .  Subrout ine  
PFM and a computer l i b r a r y  subrout ine  ZXSSQ are used to f i t  
the exper imental  data along the c e n te r  l i n e  of  the column to 
Equation ( 2 . 5 ) .  Furthermore ,  the d e v i a t i o n  from the e x p e r i ­
mental p r o f i l e  was computed.
The computer program which was employed to analyse the  
a b i l i t y  of  the plug f low model to re p re s e n t  the exper imental  
data 1n bubble columns and th ree -ph ase  f l u l d l z e d  beds Is  
9lven 1n Appendix C .
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3 . 6 . 2  The v o lum et r ic  mass t r a n s f e r  and a x ia l  d ispers ion  
c o e f f i c i e n t s  eva luated  oy The a x ia l  d fspersion  model
The a x ia l  d ispers ion  model Is  a two parameters model,
namely, (K-a )  and E . Subroutln  ADM and a computer l i b r a r yJT
subrout ine  ZXSSQ were used to f i t  Equation ( 2 . 9 )  to the ex­
per imental  d a ta .  Once the values of  A, B ,p and n are ob­
t a in e d ,  Equations ( 2 . 1 0 )  to ( 2 . 1 5 )  can be solved s im u l tane ­
ously to obta in  the values of  the v o lum etr ic  mass t r a n s f e r  
c o e f f i c i e n t  and the a x ia l  d is pers ion  c o e f f i c i e n t .
The computer program which was used to c a l c u l a t e  the v a l ­
ues of (K^a) and E 1s descr ibed In Appendix D.
3 . 6 . 3  The v o lum et r ic  mass t r a n s f e r  c o e f f 1c1ent  1n the g r id  
region and the vo lum etr ic  mas"i t r a n s f e r ”Tn bulk  
reglon evaTuaTed by tne two-zone model
The two-zone model 1s def ined  by two parameters,  namely,
the mass t r a n s f e r  c o e f f i c i e n t  1n the g r id  zone (K^a)jg and
the mass t r a n s f e r  c o e f f i c i e n t  1n the bulk region (K^a).^ .
Subrout ine TZM and the computer l i b r a r y  subrout ine ZXSSQ are
used to f i t  the exper imental  data to Equations ( 2 .1 8  and
2 . 2 4 ) .  Appendix E contains  the exper imental  concent ra t ion
p r o f i l e s ,  p re d ic ted  p r o f i l e s ,  standard d e v ia t io n  and the
vo lum etr ic  mass t r a n s f e r  c o e f f i c i e n t s  1n the g r id  and bulk
reg ions .
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3 . 6 . 4  The v o lu m e t r ic  mass t r a n s f e r  c o e f f i c i e n t  In  the  gr1d 
reg ion and the v o lu m e t r ic  mass t r a n s f e r  Tn bu \ ic 
reg ion  e va lua ted  by the proposed model
As mentioned e a r l i e r ,  the proposed model conta ins  th re e  
parameters; v i z . ,  the v o lu m et r ic  mass t r a n s f e r  c o e f f i c i e n t  
1n the g r id  zone, ( K£ a )pG * the vo1ume t r 1 c  mass t r a n s f e r  
c o e f f i c i e n t  1n the bulk zone, ( a )pB and the a x i a l  d i s p e r ­
sion c o e f f i c i e n t  1n the bulk zone.
The parameters M, y ,a n d  6 of  the proposed model are de­
termined from Equations ( 2 .2 7  and 2 .4 2 )  by a n o n - H n e a r  r e ­
gression tech lque  which f i t t e d  the exper imental  data to the  
Proposed model.  Once these values of  the parameters are ob­
t a in e d ,  Equations ( 2 . 3 2 ,  2 .33  and 2 .3 4 )  can be solved s im u l ­
taneously to ob ta in  the values of  (K^alpg t and Ey . Equation  
( 2 . 2 8 )  was used to c a l c u l a t e  ( K^a)pG.
Values o f  the parameters (K ^ a )pG, ( K j ja ) pQ and Ey are p r e ­
sented 1n Appendix F . The subrout ine  PM which was used 1s 
repor ted  a lso 1n Appendix F.
3 .7  U n c e r ta ln ty  A na lys ls
K l in e  and M c C H n t lc k  (1953)  de f ined  u n c e r t a i n t y  as the  
Possible  value the e r r o r  might have. The major sources of  
e r r o r  1n t h i s  study are analyzed under two subsect ions .  
F i r s t l y ,  the presence of  a bubble 1n the mixing c e l l  and 
secondly,  the u n c e r t a i n t y  1n the e v a lu t l o n  of  the vo lu m et r ic  
mass t r a n s f e r  c o e f f i c i e n t .
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3 . 7 . 1  E f f e c t  of  the presence of  a bubble 1n the mixing  
ce I I
In subsection 3 . 2 . 1  I t  has been mentioned t h a t  cot ton  was 
used 1n the sampling ports  to e l i m i n a t e  bubble format ion  
which could r e s u l t  1n erroneous readings on the oxygen me­
t e r .  This technique has proven to be e f f i c i e n t  and r e l i a b l e .  
Never the le ss ,  1n some cases,  few bubbles entered the mixing  
c e l l .  Consequently,  the d isso lved  oxygen meter was d is tu rbed  
by the presence of  such bubbles.  The bubbles which remained 
fn the mixing c e l l  f o r  few seconds were forced to leave  the  
c e l l  by the I n l e t  stream and a t  t h a t  t ime the oxygen meter  
returned back to I t s  s ta b le  read ing .  However, 1 t  can be as­
sumed t h a t  small bubbles remained 1n the mixing c e l l ,  under 
such circumstances the e r r o r  In cur red  can be neg lec ted .  In 
other words, the oxygen meter would not d e te c t  the presence  
of such small bubbles.  Appendix D gives d e t a i l s  of  poss ib le  
errors  due to the presence of  such bubbles.
3 . 7 . 2  U n ce r ta in ty  1n the c a l c u l a t i o n  o f  ( a )
K l in e  and McCl1nt1ck (1953)  presented a method o f  e s t i ­
mating u n c e r t a in t y  1n s ing le -sample  exper imental  r e s u l t s .  
The method 1s based on c a re f u l  s p e c i f i c a t i o n  o f  the uncer­
t a i n t i e s  1n the var ious  primary exper imental  measurements.
To determine the u n c e r t a in t y  1n the e v a lu a t io n  of  the  
yolumetr1c mass t r a n s f e r  c o e f f i c i e n t ,  the plug f low model 1s 
selected since 1 t  1s considered to be the s implest  and the  
worst model 1n f i t t i n g  the experimental  data .
According to Equation ( 2 . 2 5 ) :
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The u n c e r t a in t y  can be est imated 1n the value of the c a l ­
cula ted  vo lumetr ic  mass t r a n s f e r  c o e f f i c i e n t  on the basis  of  
the u n c e r t a i n t i e s  1n the l i q u i d  s u p e r f i c i a l  v e l o c i t y  (V ) ,
AT
the experimental  c on cent ra t ion  (C ) ,  and the h e igh t  of the  
sampling p or t  from the g r id  ( y ) .  The r e s u l t  1s a given func­
t ion  of  the Independent v a r i a b le s  V^, C and y thus;
For small v a r i a t i o n s  1n the Independent v a r i a b l e s ,  Equa­
t ion ( 3 . 2 )  can be expressed 1n a l i n e a r  form as
D i f f e r e n t i a t i n g  Equation ( 3 . 1 )  w i th  respect  to the 1nde 
Pendent v a r i a b le s  gives
K^ a = f (v A, y,  C) (3.2)
(3.3)
(3.4)
3y y
(3.5)
3C y C -C
(3.6)
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S u b s t i t u t i n g  Equat ions ( 3 . 4 ,  3 .5  and 3 . 6 )  I n t o  Equation
( 3 . 3 )
1 Vo Vi, 1
dK = -  In 9 dV. -  - 4  In 9 dy + (—  JdC (3.7)
y y y C -C
D iv id in g  Equation ( 3 . 7 )  by K
dK dV0 dy dC
------------i ----- + — * - (3.8)
K V£ y (C -C)ln 0
le t  (C*-C)ln 9 -  y (3.9)
D i f f e r e n t i a t i n g  Equat ion ( 3 . 9 )  w i th  respect  to c o n c e n t ra ­
t i o n ,  C, y i e l d s  :
dy C*-Cn
—  = 1 - In u- (3.10)
dC C -C
*  c* - co C - C  -  2-
The second d e r i v a t i v e  f o r  Equation ( 3 . 1 0 )  1s
 S—  (3.12)
dC C -C
S u b s t i t u t i n g  Equation ( 3 . 1 1 )  I n t o  Equat ion ( 3 . 1 2 )
--I—- 0  (3.13)
C -C
★
However, Equation ( 3 . 1 3 )  must be n e g a t i v e ,  s ince C Is
j  iy
always g r e a t e r  than CQ . T h e r e f o r e ,  reaches I t s  lowest
Possible  va lue  when
C = C -
*  C-C
According to Equation ( 3 . 8 ) ,
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S u b s t i t u t i n g  Equat ion ( 3 . 1 0 )  I n t o  Equat ion  ( 3 . 1 1 ) ,  y i e l d s
dK dV. dy edC
y
★
c -c0
d(K^a) _ dy
1 + 1 -
K* a y
edC
- * -----  I (3.15)
C -c0
The percentage  o f  u n c e r t a i n t y  1n the c a l c u l a t e d  (K^a) 1s 
given 1n Appendlx G.
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Chapter  IV 
RESULTS AND DISCUSSION
The r e s u l t s  of  t h i s  study are discussed under th r e e  sec­
t i o n s .  The f i r s t  s ec t ion  1s devoted to the exper imenta l
c oncent ra t ion  p r o f i l e s  and the contour  diagrams. The second 
sect ion  1s concerned w i th  the proposed model; I t s  a n a ly s is  
end comparslon w i th  e x i s t i n g  models.  The values o f  the v o l u ­
metr ic  mass t r a n s f e r  c o e f f i c i e n t ,  ( a ) and the  d is p e rs io n  
c o e f f i c i e n t ,  E , are rep o r te d  and the manner 1n which they  
vary w i th  the gas and l i q u i d  s u p e r f i c i a l  v e l o c i t i e s  1s ana­
ly zed .  The t h i r d  s ec t ion  deals  w i th  the v a r i a t i o n  of  the
vo lum etr ic  mass t r a n s f e r  c o e f f i c i e n t  w i th  the s o l i d  phase 
P a r t i c l e  d iam eter .
4*1 C oncent ra t lon  P r o f 11es
The design of  the two-dimensional  column permits  g a t h e r ­
ing oxygen c o n c e n t ra t io n  data from 110 sampling p o r t s .  These 
sampling taps are arranged 1n a m a t r ix  form w i th  5 v e r t i c a l  
columns and 22 h o r i z o n t a l  rows ( c f .  F igure  3 . 2 ) .  The c o l ­
le c te d  data were used to draw c o n c e n t ra t io n  p r o f i l e s  as wel l  
as in  the p r e p a r a t io n  of  p e r t i n e n t  contour  diagrams. The 
°xygen c o n c e n t ra t io n  data along the c e n t e r  of  the column,  
(column number 3 ) ,  were used to t e s t  the v a l i d i t y  of  the
mathematical  models which have been employed 1n t h i s  study.
50
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Figure 4 .1 : Concentration Contour Diagram
x-ax1s = d istance from l e f t  edge o f column, cnl
y -a x is  = d istance from the g r id ,  cm
Operating Conditions
Dp = 0.5 cm
= 5.0 cm/s
V = 2 5 . 0  cm/s 
9
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Figure 4 .2 : Concentration Contour Diagram
x-ax is  = d istance from l e f t  edge o f column, cm
y-ax1s = d istance from the g r id ,  cm
Operating Conditions
Dp = 0.5 cm
= 7.5 cm/s
V„ = 26 cm/s 
9
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The contour  diagrams o b ta ined  1n t h i s  study conf i rmed the  
ex is ten c e  o f  two c l e a r l y  d i s t i n g u i s h a b l e  mass t r a n s f e r  zones 
1n th r e e -p h a s e  f l u l d l z e d  beds and bubble columns as was r e ­
ported e a r l i e r  by A 1varez -Cuenca( 1 9 7 9 ) .  The f i r s t  zone 1s 
d o s e  to the g r i d  and 1s termed the " g r i d  zone" and the sec­
ond reg ion  Is  away from the g r i d  and 1s termed the "bulk  
zone".  These two zones are u s u a l l y  separa ted  by a narrow  
t r a n s i t i o n  a r e a ,  which Is  termed the  "boundary of  s ep ara ­
t i o n " .
D e te rm in a t io n  o f  the boundary o f  s e p a r a t io n  between the  
two d i f f e r e n t  mass t r a n s f e r  zones 1s based on the f o l l o w i n g :
I )  1n t h r e e -p h a s e  f l u l d l z e d  beds ( e . g . ,  a t  Vg * 26 
cm/s) the s e p a ra t io n  boundary can be v i s u a l l y  de­
termined by use o f  contour  diagrams.  Such boundary  
u s u a l l y  appears more or le ss  p a r r a l l e l  to the  x -  
a x ls  s e p a r a t in g  a s e r i e s  o f  concave,  and convex 
Isogram ( c f .  F igures  4 .1  and 4 . 2  ) ,
I I )  1n o th e r  cases,  the t r a n s i t i o n  l i n e  1s not  r e a d i l y  
d i s t i n g u i s h a b l e .  In such s i t u a t i o n s  the  g r i d  zone 
1s c h a r a c t e r i z e d  by h ig her  Isogram d e n s i ty  than the  
bulk zone.  The c o n c e n t ra te d  Isogram In the g r i d  
zone I s ,  o b v io u s ly ,  a d i r e c t  consequence o f  the  
high c o n c e n t r a t io n  g r a d i e n t s  1n t h i s  r e g io n .  On the  
o th e r  hand the bulk  zone 1s c h a r a c t e r i z e d  by low 
c o n c e n t r a t io n  g r a d i e n t s .  Such cases are  d e p ic te d  1n
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Figure 4 .3 : Concentration Contour Diagram
x-ax1s * d istance from l e f t  edge o f column, cm
y -a x is  a d istance from the g r id ,  cm
Operating Conditions
Dp = 0.0 cm
* 5.0 cm/s
V *  3.0 cm/s 
9
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Figure 4 .4 : Concentration Contour Diagram
x-ax1s = distance from l e f t  edge o f column, cm
y -a x is  = distance from the g r id ,  cm
Operating Conditions
Dp = 0.0 cm
= 5.0 cm/s
V -  43.0 cm/s 
9
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Figure 4 .5 :  Variation of b with the Fluid Velocities
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TABLE 4.1: The Separation Parameter, b, in cm
12.0
cm
0.0
8.00.3
0.0
0.3 26.0
0.5
0.0
0.3 43.0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
Figures 4.3 and 4 .4 .  Consequently, the separation
boundary can be determined by determining the area
1n which there 1s a change In the Isogram density.
In th is  study, 1t was found that  the separation boundary 
varies from 20 to 60 cm above the gr id .  This var ia t ion  re ­
sults from changing the gas and l iq u id  super f ic ia l  ve loc i ­
t ies .  Table 4.1 reports the values of the separation bound­
ary parameter, b, under d i f f e r e n t  condit ions.
I t  has been observed tha t  the demarcation between the two 
sections gets closer to the d is t r ib u t o r  as the gas and l i q ­
uid superf ic ia l  v e lo c i t ie s  Increase ( c f .  Figures 4.5 to 
4*7) .  Consequently, the oxygenation rate  would Increase, and 
saturation 1s achieved at shorter distances from the gr id .  
However, no re la t ionship  was found as fa r  as the p a r t ic le  
diameter and separation boundary parameter are concerned.
To establ ish a certa in  value for  the separation boundary 
Parameter, the two-zone model and the proposed model were 
solved for  d i f f e r e n t  values of b= y namely 36, 42, and 54
cm. The best f i t  to the experimental data was obtained at  
k* 36 cm. I t  should be pointed out that  only discrete  values 
° f  y are known (the sampling por ts ) ,  there fore ,  when the 
concentration of oxygen at y* 36 cm was not measured, b 1s 
Assumed to be 42 cm.
The most In terest ing  di f ference between bubble columns 
and three-phase f lu ld lz e d  beds can be observed from compar-
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Figure 4 .8 : Concentration Contour Diagram
x-ax is  = d istance from l e f t  edge o f column, cm
y -a x is  = d istance from the g r id ,  cm
Operating Conditions
Dp = 0.0 cm
V£ -  7.5 cm/s
V = 8.0 cm/s 
9
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Figure 4 .9 : Concentration Contour Diagram
x-ax is  *  d istance from l e f t  edge o f column, cnl
y -a x is  ■ d istance from the g r id ,  cm
Operating Conditions
Dp -  0.5 cm .
* 7.5 cm/s
V * 8.0 cm/s 
9
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TABLE 4.2: Mass Transfer Coefficients Evaluated by the Two-Zone
Model.
Solid Phase Particle Diameter = 0.0 cm
V9
5.0 7.5 12.0
8.0 0.273 0.216 0.340
(0.020) (0.091) (0.082)
26.0 0.290 0.270 0.440
(0.012) (0.027) (0.010)
43.0 0.417 0.375 0.465
(0.018) (0.051) (0.020)
TABLE 4.3: Mass Transfer Coefficients Evaluated by The
Proposed Model.
Solid Phase Particle Diameter = 0.0 cm
N .  v*
Vg\ v
5.0 7.5 12.0
8.0 0.293 0.249 0.319
(0.033) (0.010) CO.084)
26.0 0.297 0.252 0.485
CO.063) (0.084) CO.085)
43.0 0.399 0.372 0.501
CO.088) CO.067) CO.092)
(K^J tb and CK^a)pB in parenthesis
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TABLE 4 .4 : Mass Transfer C oe ff ic ie n ts  Evaluated by the Two-Zone
Model.
So lid  Phase P a r t ic le  Diameter * 0.3 cm
v \  
9
5.0 7.5 12.0
8.0 0.034 0.046 0.064
CO.035) (0.049) (0.061)
26.0 0.126 0.170 0.211
(0.040) (0.046) (0.057)
43.0 0.209 0.274 0.265
CO.003) (0.017) (0.028)
TABLE 4.5: Mass Transfer Coefficients Evaluated by the Two-Zone
Model.
Solid Phase Part icle Diameter = 0.5 cm
\ .  VA 
V g \ \
5.0
•
7.5 12.0
8.0 0.026 0.053 0.133
(0.061) (0.062) (0.065)
26.0 0.089 0.179 0.216
CO.0172) (0.062) (0.028)
43.0 0.142 0.214 0.299
(0.056) (0.047) (0.040)
(K^s)tb parenthesis
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Ing the c o n c e n t ra t io n  contour  diagrams.  Whereas 1n bubble  
columns the  Isograms become v i s i b l e  1n the zone 0 <y <134 cm 
of the column ( c f . F i g u r e  4 . 8 )  ; 1n th ree -p h a se  f l u l d l z e d
beds the Isograms appear 1n the zone 0 <y <174 c m ( c f .F ig u r e  
4 . 9 ) .  The disappearance o f  the Isograms corresponds to lack  
of oxygenat ion ,  1n o th e r  words, the l i q u i d  phase 1s s a t u r a t ­
ed. Consequently ,  the v o lu m e t r ic  mass t r a n s f e r  c o e f f i c i e n t s  
In the bulk zone eva lu a te d  by the two-zone model and the  
Proposed model are  expected to be lower  than the  v o lu m e t r ic  
mass c o e f f i c i e n t s  1n the g r i d  reg ion  f o r  a l l  the exper imen­
ta l  runs 1n the bubble columns. The exper imenta l  r e s u l t s  
repor ted  1n Tables 4 . 2  and 4 .3  conf i rm  these e x p e c t a t i o n s .
As shown 1n F ig u re  4 . 9  1n th re e -p h a s e  f l u l d l z e d  beds the  
Isograms overspread In the p l o t  a t  low l i q u i d  and gas super­
f i c i a l  v e l o c i t i e s  due to poor oxygenat ion 1n g r i d  r e g io n .  
T h e re fo re ,  the v o lu m e t r ic  mass t r a n s f e r  c o e f f i c i e n t  1n the  
bulk reg ion 1s expected to be r e l a t i v e l y  h ig h er  than t h a t  1n 
the g r i d  zone. Th is  t ren d  1s re p o r te d  1n Tables 4 .4  and 4 . 5 .
The c o n c e n t ra t io n  p r o f i l e s  1n th ree -p h a se  f l u l d l z e d  beds 
(Dp* 0 .3  cm and 0 .5  cm) were ob ta in ed  by p l o t t i n g  the oxygen 
concen t ra t io n  a t  the c e n t e r  and the edge o f  the column, 1 . e ,  
Posit ions  3 and 5 ( c f .  F igure  4 .10  and 4 . 1 1 ) ,  a g a in s t  the  
^ s t a n c e  from the d i s t r i b u t o r .  At V * 26 cm/s,  the concen-  
N a t i o n s  of  oxygen 1n the  g r i d  zone a long the c e n te r  o f  the  
column were h igher  than those along the w a l l s .  This t rend  
Was observed up to 36 cm above the g r i d ,  then t h i s  behav ior
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Figure 4.12: Concentration Contour Diagram
x-axis = distance from l e f t  edge of column* 
y-ax1s ■ distance from the grid,  cm
Operating Conditions
Dp * 0.3 cm
-  12.0 cm/s
V„ = 26.0 cm/s 
9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
68
07- IQ07 .00 0 7 .6 00 7 .8 0
0 7 . BO07 .80 07 .6007 .70
0 7 - BO0 7 .*0 07 .9007-60 07 .60
0 7 .5 007 .50
0 7 . tO
06 .00
0^ 70
(£0000 11*3333 22*6667
I  r
45*3333 56*6667 68*0000
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.13: Concentration Contour Diagram
x-axis * distance from l e f t  edge of column* 
y-axis *  distance from the gr id ,  cm
Operating Conditions
Dp s 0.5 cm
■ 12.0 cm/s
V -  26.0 cm/s 
9
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was reversed and the oxygen concentrations became higher 
along the wall than those at the center.
This trend 1s well represented by the contour diagrams 
9*ven 1n Figures 4.12 and 4.13. A depression In the middle 
°.T the Isograms can be noticed. This depression dlsappeares
i
y* 36 cm above the grid. No explanantlon for this unusu- 
shaped concentration profi les can be offered. On the 
other hand, at Vg» 8 cm/s and V^* 43 cm/s, the concentration 
P;r°f1les along the center l ine were lower than those along 
the edges (cf .  Figure 4.14 and 4.15).
In case of operating the system 1n the bubble column 
• the concentrations of oxygen along the column wall 
v'ere higher than those along the center of the column for 
experimental runs. This trend can be observed from the 
contour diagrams given In Figures 4.3 and 4.4. The following 
exPlanat1ons can be offered for such behavior :
I )  small bubbles were visually observed at the edges
\
) of the column, whereas large bubbles were found atI
the center of the column. As a consequence, the 1n- 
i terfaclal  area between the l iquid and the gas 1s
expected to be higher at the edges than at the cen-
i
i ter of the column. Hence, higher concentrations are
observed at the column walls,
H )  the velocity near the wall Is lower than the veloc­
ity at the center l ine of the column due to the 
wall effects. Consequently the residence time of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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f l u i d  element a t  the center  of the column 1s s ho r t ­
er than t h a t  a t  the edges; hence less oxygenation 
takes place.
Typical  concentrat ion p r o f i l e s  In bubble columns and 
three-phase f l u l d l z e d  beds are given In Figure 4 .1 6 .  At high 
gas s u p e r f i c i a l  v e l o c i t i e s  (V > 8 cm/s) a steep r i s e  1n ox-  
ygen concentrat ions occurs In the gr id  reg ion.  This r i s e  
corresponds to high concentrat ion  g rad ien ts .  However, a t  a 
distance of  about 20 cm from the g r id ,  the ra te  of concen­
t ra t io n  Increase s t a r t s  to slow down u n t i l  1t  reaches a 
steady value close to the top of  the column. In th is  zone,  
the bulk zone, the concentrat ion gradients  are small due to 
backmlxlng. Also, the l i q u i d  phase approaches I t s  sa tu ra t io n
l i m i t .
At low gas s u p e r f i c i a l  v e l o c i t i e s ,  when the operat ion Is  
the three-phase f l u l d l z e d  bed mode, the concentrat ion  
P ro f i le s  are genera l ly  S-shaped. These p r o f i l e s  are depicted  
In F igure 4 .1 7 .  I t  appears th a t  the concentrat ion  remains 
almost constant 1n the gr id  reg ion,  then 1t  Increases gradu­
a l l y  u n t i l  I t  reaches a steady va lue .
A1varez-Cuenca(1979) reported the same trend at  low gas 
SuPer f lc1a l  v e l o c i t i e s .  The concentra t ion was e s s e n t i a l l y  
c°nstant  up to 50 cm above the d i s t r i b u t o r .  However, 1n th is  
study the concent ra t ion remained constant  up to 24 cm above 
the g r id .  This disagreement may be a t t r i b u t e d  to the d l f f e r -  
®nce in the s o l id  phase concentrat ions used 1n both s tud ies .
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Al varez-Cuenca(1979) repor ted ,  using about 13 kg of glass  
.beads whereas 6 kg of so l ids  were employed 1n t h i s  study.
I Va11d1ty of  The Mass Tra nsfer  Models
j Models descr ibing mass t r a n s f e r  1n three-phase f l u l d l z e d  
' beds and bubble columns have become a subject  th a t  1s cur -  
. **ently re ce iv ing  a l o t  of I n t e r e s t .  Several models have been
: suggested 1n the l i t e r a t u r e  and are being used.
The v a l i d i t y  of  mass t r a n s f e r  models 1n three-phase
i f lu ld l z e d  beds has only been tested by a few I n v e s t i g a t o r s ;
e*9«, Deckwer e t  a l . ( 1 9 7 4 , 1 9 8 3 ) ,  A1varez-Cuenca(1979) and 
Al varez-Cuenca et  a l . ( 1979a,1 9 8 4 ) .
The v a l i d i t y  of  these models w i l l  be analyzed from an ex­
perimental standpoint  and the e f f e c t s  of  f l u i d  s u p e r f i c i a l  
veloc1t1es on the volumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  w i l l  
be discussed 1n the fo l low in g  subsect ion.
A. 2.1 The plug f 1ow model
The plug f low model has been used by most of  the I n v e s t i ­
ga tors  to describe mass t r a n s f e r  1n bubble columns and
tbree-phase f l u l d l z e d  beds; e .g ,  Ostergaard and Fos- 
b ° l (1972 ) ,  Alvarez -Cuenca(1979) and Lee and Worthlng-
t o n ( l 9 7 4 ) .
In th is  study the plug f low model has been tested  using 
6xPer1mental data c o l le c te d  at  various gas and l i q u i d  super­
f i c i a l  v e l o c i t i e s  and fo r  d i f f e r e n t  s o l id  phase p a r t i c l e  d i ­
ameters. Consequently,  the fo l lowing  remarks can be made:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
7.0-
Vg = 8.0 cm/s 
Vj s 5.0 cm/s 
Dp = 0.3 cm
c  6.0-
c  5.0-
Exp data 
Plug flow 
model
O  4.0-
5  3.0-
oo o
80 100 120 U0 160 180 200 220 240
Distance From The Grid, Y (cm )
■SJ
Figure 4-18: Experimental and predicted Oxygen Concentrations
produced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
a.OH
o Exp data 
— Plug flow model
Vg = 26 cm/s 
V( =6.0 cm/s
o
-  6.0 -co
5.0- c 
o  o c
°  A 0 -  o
I  3.0- 
>%
X
O
Z0-
10 30 50 70 90 110 130 150 170 190
Distance From The Grid, Y ( cm )
Figure 4.10: Experimetal and Predicted Oxygen Concentrations
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
9.0
| 7 . 0 .
0
Vg = 43 cm/s 
V| = 5.0 cm/s 
Dp = 0.3 cm
o Exp data 
— Plug flow model
"1— r  
20
I '~ 'r
40 60
I
80
n — *— i— *— i— 1 i— »— r - 1 — n
100 120 140 160 180 200 j
Distance From The G r i d , Y ( c m )
1X3
Figure 4 .2 0 : Experimental and Predicted Oxygen Concetrations
80
TABLE 4.6: Mass Transfer Coefficients Evaluated by the
Plug Flow Model.
Solid Phase Partic le  Diameter * 0.0 cm
Vg
5.0 7.5 12.0
8.0 0.279 0.235 0.307
26.0 0.291 0.262 0.340
43.0 0.394 0.370 0.397
TABLE 4.7: Mass Transfer Coefficients Evaluated by the 
Plug Flow Model.
Solid Phase Particle Diameter = 0.3 cm
5.0 7.5 12.0
8.0 0.034 0.047 0.063
26.0 0.119 0.157 0.175
43.0 0.187 0.264 0.361
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TABLE 4.8: Mass trans fe r Coeffic ients Evaluated by the
Plug Flow Model.
Solid Phase Partic le  Diameter = 0.5 cm
N\ V*
Vg \
5.0 7.5 12.0
8.0 0.032 - 0.077 o.m
26.0 0.074 0.171 0.165
43.0 0.139 0.208 0.255
TABLE 4.9: Standard Deviation of the Fit  from the Experimental
Data Using the Plug Flow Model.
12.05.0
cm
0.1560.1570.0 0.279
0.4140.201 0.337
0.3790.3180.365
0.2740.1560.176
0.32826.0 0.2300.178
0.5 0.1650.1830.310
0.189 0.3970.0 0.141
0.32943.0 0.1930.158
0.5 0.166 0.2800.168
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I )  the concentrat ion  p r o f i l e s  1n the g r id  zone a t  high 
gas s u p e r f i c i a l  v e l o c i t y  and low l i q u i d  s u p e r f i c i a l  
v e lo c i t y  are f a i r l y  represented by the plug flow 
model ( c f .  Figures 4 .18 to 4 . 2 0 ) .  On the other  
hand the plug f low model does not seem to conform 
c lo se ly  to the experimental  data 1n the bulk region  
as evidenced by the data reported in the aforemen­
t ioned f ig u r e s .  However, one can not ice  from Table  
4 .9  t h a t  the dev ia t ion  of  the plug f low model from 
the experimental  data a t  low l i q u i d  s u p e r f i c i a l  ve­
l o c i t y  ( e . g ,  V^» 5 .0  cm/s) decreased as the gas su­
p e r f i c i a l  v e lo c i t y  Increased.  In other  words, the 
performance of the plug f low model Improved as Vg 
Increased,
I I )  Increasing the gas v e lo c i t y  tends to Increase the 
degree of backmlxlng 1n the bulk zone which, obv i ­
ously,  cont rad ic ts  the plug flow cond it io ns ,
I I I )  According to the data reported In T ab les (4 .6  to 
4 .8 )  a correspondence seems to occur between the 
volumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  ca lc u la ted  
from the plug f low model and the gas and l i q u i d  su­
p e r f i c i a l  v e l o c i t i e s .  These re s u l ts  confirm the re -
i
sui ts  reported e a r l i e r  by Alvarez-Cuenca(1979) and 
f con t rad ic ts  the f in d ings  of other  In v e s t ig a t o r s ;
e . g . ,  Ostergaard and Suchozebrskl(1968) and Oster-  
gaard and Fosbol(1972) who reported th a t  the mass
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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t ra n s fe r  c o e f f i c i e n t s  are Independent of  l i q u i d  su­
p e r f i c i a l  v e l o c i t i e s .
Furthermore, 1t  appears th a t  when the operat ion Is 1n the 
bubble column mode, the mass t r a n s f e r  c o e f f i c i e n t  passes 
through a minimum at  7.5 cm/s, which Is 1n agreement 
W1 th the re s u l ts  reported by Alvarez-Cuenca(1979) and Alva-  
r ez-Cuenca and Nerenberg (1981) .
Alvarez-Cuenca(1979) pointed out t h a t  such minima occur 
at Y^  values with short  residence time but without  s u f f l -  
c1ent energy to produce a i r  j e t s  break-up.  Such e f fe c ts  are 
less re levant  In the bulk region away from the g r id .  This 
behavior w i l l  be d e a l t  wi th 1n d e t a i l  1n subsection 4 . 2 . 4 .
^•2.2 The ax1al d1sperslon model
The a b i l i t y  of  the axia l  dispersion model to describe  
mass t ra n s fe r  1n three-phase f l u l d l z e d  beds and bubble c o l -  
Urnns Is a subject  of controversy.  This Is because of the 
c° nf l1ct1ng reports one can f in d  1n the l i t e r a t u r e .  For ex-  
aniPle,  Al varez-Cuenca ( 1979) and Al varez-Cuenca et  
a  ^ ‘ (1981,1984) showed th a t  the axia l  dispersion model did 
n°b conform c lose ly  to t h e i r  experimental data,  espec ia l ly  
* n the gr id  zone. This Is expected since 1t  was demonstrated 
Alvarez-Cuenca(1979) as well  as 1n th is  study th a t  there  
a,"e two d is t ingu is hab le  mass t r a n s fe r  regions. Plug flow 
c°nd1t1ons preva i l  In the region close to the d i s t r i b u t o r ,  
wb1ch 1s termed the "gr id  zone" and more or less dispersion  
C° nd1t1ons preva i ls  In the bulk zone.
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Now, the axia l  dispersion model contains a parameter,  , 
which Is known as the axia l  dispersion c o e f f i c ie n t s  (ADC). 
This ADC changes from 0 1n case of plug flow to « for  back-  
mixing. In our case where an axia l  dispersion model 1s f i t ­
ted to the experimental data,  the axia l  dispersion c o e f f i ­
c ien t  assumes a f i n i t e  value fo r  the whole column. 
Consequently, 1t  1s t a c i t l y  assumed t h a t  an "average" axia l  
dispersion c o e f f i c i e n t  1s v a l id  to represent  the condit ions  
In the column, which 1s f a r  from being t ru e .
On the other hand Deckwer et  a1 . (1983)  argued t h a t  the 
axial  dispersion model can be sucessful ly  appl ied to de­
scribe mass t ra n s fe r  In bubble columns. They stated
"While applying the ADM one has to r e a l i z e  th a t
the dispersion 1n bubble columns 1s a macroscopic
phenomenon. The sizes of the s ingle  steps of mass
propagation by dispersion are 1n the range of bub­
ble size or even la r g e r .  Hence, f u l l y  established  
dispersive flow can only be expected a f t e r  a num­
ber of single  events has occurred, I . e . , a f t e r  the 
gas phase has t r a v e l l e d  a c e r ta in  distance.  This 
Is supported by experimental evidence as the oxy­
gen concentrat ion measured In the close v lc l n t y  of  
the gas sparger reveals extreme f lu c t u a t io n s .  
Therefore,  the measurements In th is  entrance re ­
gion should be t rea ted  with great  care,  as mis­
leading conclusion can be reached."
However, we bel ieve  tha t  the Deckwer et  al . (1983) approach 
* s not acceptable due the f a c t  th a t  they d e l ib e r a t e ly  neg­
lected the zone near the d i s t r i b u t o r  where a great  deal of 
°xygenat1on takes place.
I t  should also be noted here tha t  the ADM contains two 
6xPonent1al terms which 1f not t rea ted  c a r e f u l l y  and an ap­
propr iate  guess 1s not made, when experimental data are f 1t -  
t e d to the model, h igh ly ,  erroneous resu l ts  may be obtained.
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TABLE 4.10: Mass Transfer Coeffic ients Evaluated by the
Axial Dispersion Model.
Solid Phase Partic le  Diameter = 0.0 cm
5.0 7.5 12.0
8.0 0.205 0.287 0.211
25.0 0.269 0.337 0.244
43.0 0.396 0.370 0.343
TABLE 4.11: Mass Transfer Coefficients Evaluated by the
Axial Dispersion Model.
Solid Phase Particle Diameter = 0.3 cm.
VA 5.0 7.5 12.0
8.0 0.034 0.059 0.068
26.0 0.194 0.230 0.182
43.0 0.289 0.356 0.230
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TABLE 4.12: Mass Transfer Coeffic ients Evaluated by the
Axial Dispersion Model.
Solid Phase Partic le  Diameter = 0.5 cm
N .  VA
v \
5.0 7.5 12.0
8.0 0.044 0.073 0.087
26.0 0.085 0.231 0.118
43.0 0.202 0.346 0.232
TABLE 4.13: Axial Dispersion Coefficients.
Solid Phase Particle Diameter = 0.0 cm
X .  VA
vi N \
5.0 7.5 12.0
8.0 26.7 39.4 66.4
26.0 29.1 40.4 59.9
43.0 30.6 41.1 60.9
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TABLE 4.14: Axial Dispersion Coefficients.
Solid Phase Particle Diameter * 0.3 cm
5.0 7.5 12.0
8.0 23.1 26.0 56.1
26.0 29.5 39.9 58.0
43.0 30.7 44.1 59
TABLE 4.15: Axial Dispersion Coefficients.
Solid Phase Particle Diameter = 0.5 cm
vg \
5.0 7.5 12.0
8.0 23.1 34.7 58.0
26.0 24.5 38.1 58.0
43.0 26.5 42.0 60.0
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The v a l i d i t y  of the axia l  d ispersion model has been t e s t -  
ed using the data generated In th is  study. The values of the 
*x1al dispersion c o e f f i c i e n t  were obtained by f i t t i n g  the 
exPer1mental data to Equation ( 2 . 9 ) .
Experimental r e s u l t s  reported 1n Tables 4 .10 to 4 .12 show 
that  the volumetr ic  mass t r a n s f e r  c o e f f i c i e n t  Increases with  
^ crea s ing  the gas s u p e r f i c i a l  v e l o c i t y .  On the other hand 
no consistent  r e la t io n s h ip  1s found as f a r  as the l i q u i d  su­
p e r f i c ia l  v e l o c i t i e s  are concerned. These trends cofirm  
those reported by Deckwer et  al . ( 1 9 7 4 ,1 9 8 3 ) .  However, these 
resul ts are not 1n agreement wi th the re su l ts  obtained with  
the help of the plug flow model ( c f .  Tables 4 . 6 ,  4 . 7 ,  and
^•®) where 1t was found th a t  ( a ) changes with .
The e f fe c ts  of  f l u i d  v e l o c i t i e s  on the axia l  dispersion  
c°ef f1c1ents can be discerned by examining the data reported
Tables 4.13 to 4 .1 5 .  The v a r i a t i o n  of Ey 1s seen to de­
pend on the range of the l i q u i d  s u p e r f i c i a l  v e l o c i t y .  I t  was 
f °und t h a t ,  the l i q u i d  s u p e r f i c i a l  v e lo c i t y  had not iceab le  
e f fec t  on Ey. The axia l  d ispersion c o e f f i c i e n t  Increases  
w*th Increasing the l i q u i d  s u p e r f i c i a l  v e l o c i t y .  F ur ther -  
m° r e » Ey Increases with Increasing the gas s u p e r f i c i a l  ve-  
0c1ty in three-phase f l u l d l z e d  beds and bubble columns, 
^hese trends confirm those reported by K1m and K1m(l983) and 
c°ntrad1ct  those observed by Vai l  e t  a l . (1968)  who reported  
y^ Increased with Vg but decreased with .
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TABLE 4.16: Standard Deviation o f  the F i t  from the Experimental
Data Using the Axial Dispersion Model.
12.0
cm
0.1350.148 0.138
0.0818.0 0.149 0.130
0.1060.259 0.122
0.1330.092 0.098
0.190 0.191 0.15526.0
0.5 0.200 0.155 0.164
0.0 0.063 0.105 0.135
0.3 43.0 0.162 0.169 0.131
0.5 0.140 0.1480.164
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A summary o f  the values o f  the standard d e v ia t io n s  r e ­
s u l t i n g  from f i t t i n g  the a x ia l  d is p e rs io n  model to the ex­
perimental data are g iven 1n Table 4 .16 .  I t  can be seen t h a t  
a x ia l  d is p e rs io n  model prov ides  a r e l a t i v e l y  b e t t e r  f i t  
to the exper imenta l data than the p lug f low  model. However, 
the parameters which were ob ta ined by means o f  the a x ia l  
A s p e rs io n  model, namely, (K^a) and Ey were somewhat Incon­
s is te n t  w i th  the f l u i d  v e l o c i t i e s .  Th is  Inco ns is tency  may be 
at t r1 b u te d  to  the use o f  the a x ia l  d is p e rs io n  model w i th  
constant c o e f f i c i e n t s .  To overcome t h i s  problem a m od i f ied
ax la l  d isp e rs io n  model w i th  a v a r i a b le  c o e f f i c i e n t  was a t ­
tempted as an approach. However, the f i n a l  form o f  the mod­
el obtained was cumbersome and d i f f i c u l t  to  use, even when 
* t  was assumed t h a t  the change 1n the a x ia l  d is p e rs io n  c o e f ­
f i c i e n t  was l i n e a r  f o r  s i m p l i c i t y .  Conseqent ly ,  such an ap­
proach was deser ted .
* •2 .3  The two-zone model 
, The ex is tence  o f  two mass t r a n f e r  zones led  A lvarez-Cu- 
er*ca(1979} to  develop a two-zone model wh ich,  accord ing to 
blfo, represented a s i g n i f i c a n t  Improvement over e x i s t i n g  
Models. The two-zone model r e s u l t s  from I n t e r f a c i n g  two plug 
ow models a t  the boundary o f  sepa ra t ion  between the two 
d is t in g u is h a b le  mass t r a n s fe r  zones.
A lvarez-Cuenca(1979), I d e n t i f i e d  the sepa ra t ion  boundary 
between the two zones by using c o n c e n t ra t io n  contour d ia -
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9rams as expla ined e a r l i e r .  A t r a n s i t i o n  l i n e  which 1s con­
sidered to be the demarcation between the two zones 1s de­
termined. The separat ion boundary parameter, b, var ied be­
tween 20 to 40 cm as was reported by Alvarez-Cuenca(1979). 
However, a constant value o f  33 cm was used. I t  should be 
Pointed out here th a t  the t r a n s i t i o n  l i n e  was not c le a r  1n 
some of the contour diagrams presented by Alvarez-Cu- 
enca(l9 7 9 ) and u n fo r tu n te ly  no values of b f o r  such contour 
diagrams were reported by th a t  au thor.
As mentioned e a r l i e r ,  the two parameters descr ib ing  the
two-zone model are the vo lumetr ic  mass t r a n s fe r  c o e f f i c ie n t s
V) the g r id  zone (K^alyg and 1n the bulk zone ( a ) j B . Ta-
b1es 4 ,2 ,  4.4 and 4.5 re p o r t  the numerical values o f  these
c° e f f i c i e n t s  as well  as the corresponding l i q u i d  and gas su-
^ f l c i a l  v e lo c i t i e s  as determined In t h is  study. In bubble
columns the values o f  the mass t r a n s fe r  c o e f f i c ie n t s  in the
9rj1d Zone were la rg e r  than those 1n the bulk zone. However,
1,nt the case o f  three-phase f l u l d l z e d  beds, 1t  was found th a t  
{]/ .
TB i s  la rg e r  than ( K  a) only at  low gas and l i q u idJy {Cl
s.uP e r f i c ia l  v e l o c i t i e s .  In general ,  the two-zone model was 
f °0nd to give b e t te r  s t a t i s t i c a l  f i t  to data than e i th e r  the 
^\dg flow model or the ax ia l  d ispers ion  model.
•i.^t seems th a t  there is  a s i m i l a r i t y  between the e f f e c t  o f  
;p5 u1 d and gas s u p e r f i c ia l  v e lo c i t i e s  on the parameters o f  
two-zone model and the parameters o f  the proposed model.
Cqnf equent ly  such e f fe c ts  w i l l  be discussed under the next 
Subsec t ion .
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4 *2.4 The proposed model
Since the ex is tence  o f  two e a s i l y  d i s t i n g u i s h a b le  mass 
t r a n s fe r  zones In  th ree-phase f l u l d l z e d  beds and b u b b le -c o l ­
umns have been e s ta b l i s h e d  by A lva rez-Cuenca(1979) and has 
teen observed In t h i s  s tudy ,  th e re fo re  i t  Is  d i f f i c u l t  to 
; te l  1 eve t h a t  one model; e .g .  , plug f low  model or  a x ia l
d ispers ion  model can s a t i f a c t o r l l y  descr ibe  mass t r a n s f e r  1n 
Such cases. Th is  Is  because d i f f e r e n t  c o n d i t io n s  p re v a i l  1n 
! each zone. T he re fo re ,  the a p p l i c a t i o n  o f  e i t h e r  the plug
-flow model o r  the a x ia l  d is p e rs io n  model Is  tantamount to 
assuming t h a t  p lug f low  or a x ia l  d is p e rs io n  c o n d i t io n s  p re ­
v a i l  In the column, r e s p e c t i v e l y ,  which 1s c o n t ra ry  to r e a l -  
r  t t y .
Moreover, A lvarez-Cuenca ' s development o f  the two-zone 
model by I n t e r f a c i n g  two p lug f low  models a t  the separa t ion  
boundary between the two mass t r a n s f e r  zones does not In re -  
a U ty  so lve  the problem s ince  I t  assumes t h a t  p lug f lo w  con­
d i t i o n s  p re v a i l  1n each zone. Consequently,  the two-zone
i m°del lacks  a g re a t  deal from the phys ica l  s ig n i f i c a n c e
standpo1 n t .
As mentioned in  the p rev ious  subsec t ion ,  the two zone 
n,°del gave b e t t e r  f i t  to  the exper imenta l data than the plug 
flow model. Th is  can probably  be a t t r i b u t e d  to  the f a c t  t h a t  
^ c o n t a i n s  two a d ju s ta b le  parameters whereas the p lug f low  
Inodel has on ly  one parameter.  On the o th e r  hand, i t  g ives 
■-better f i t  than the a x ia l  d is p e rs io n  model s ince I t  i s  based 
° n the ex is tence  o f  two d i f f e r e n t  mass t r a n s f e r  zones.
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The proposed model 1s c harac te r ized  by three parameters;
(K^a)pG, ( K p and . Consequently,  1t  Is not su- 
Prlslng th a t  the proposed model f i t s  the experimental  data 
bet ter  than any e x is t in g  model under any cond it ions .
I t  may be argued t h a t  the proposed model conforms more 
closely to the experimental  data since 1t  contains more ad­
jus tab le  papameters than the other  models. That could be 
Pert ly  t rue ;  but ,  In the author 's  opin ion ,  1t  mainly f i t s  
the data b e t t e r  than other  models because 1t  recognizes the 
A f f e r e n t  regions of mass t r a n s f e r  1n a more r e a l i s t i c  fash-  
i ° n than the e x is t in g  models and proper ly  addresses tha t  
Problem.
As an example, Figures 4 .21 to 4 .25 demonstrate how the 
Proposed model conforms more c lose ly  to the experimental  
data than the two-zone model and the a x ia l  d ispersion model 
under a l l  condi t ions when the column 1s operated In the bub­
ble column and 1n three-phase f l u l d l z e d  bed modes, respec­
t i v e l y .
Figure 4.26 depicts  the r e la t io n s h i p  between the l i q u i d  
SuP e r f i c i a l  v e l o c l t t y  and the volumetr ic  mass t r a n s f e r  c oe f ­
f i c i e n t s  In the gr id  zone ( a) pG In bubble columns. I t  can
re ad i ly  observed t h a t  the volumetr ic  mass t r a n s f e r  c oe f ­
f i c i e n t s  ( K ) pG, e x h i b i t  a minium a t  a l i q u i d  s u p e r f i c i a l  
VeIo c l t y  of 7.5 cm/s a t  a l l  gas s u p e r f i c i a l  v e l o c i t i e s .  
^h1s behavior was also reported by A1varez-Cuenca(1979) when 
^be two-zone model was employed to eva luate  the mass t ra n s -
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TABLE 4.17: Mass Transfer Coeffic ients Evaluated by the
Proposed Model.
Solid Phase P a rt ic le  Diameter = 0.3 cm
v*
5.0 7.5 12.0
8.0 0.036 0.040 0.059
(0.041) (0.048) (0.059)
26.0 0.166 0.224 0.238
(0.028) (0.041) (0.069)
43.0 0.213 0.278 0.280
(0.055) (0.041) (0.098)
TABLE 4.18: Mass Transfer Coefficients Evaluated by the
Proposed Model.
Solid Phase Particle Diameter 3 0.5 cm
V g X \
5.0 7.5 12.0
8.0 0.023 0.055 0.113
CO.058) (0.072) (0.079)
26.0 0.088 0.131 0.231
(0.0170) (0.094) (0.065)
43.0 0.090 0.163 0.296
(0.058) (0.098) (0.118)
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fer  c o e f f i c i e n t s  1n the g r id  reg ion .  Also,  the same behavior  
Can be noticed from the r e s u l t s  of apply ing the two-zone 
model to our experimental  data as shown 1n Table 4 . 2 .
The minima t h a t  the vo lumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  
In the g r id  zone pass through can be a t t r i b u t e d  to the f o l ­
lowing:
f )  a t  low l i q u i d  s u p e r f i c i a l  v e l o c i t i e s ,  the l i q u i d  
phase has a long residence t ime ,  and t h i s  permits  
more oxygenation to take place 1n the column,
I I )  a t  In te rm ed ia te  l i q u i d  s u p e r f i c i a l  v e l o c i t i e s ,  the 
residence t ime decreases,  so low vo lumetr ic  mass 
t r a n s f e r  c o e f f i c i e n t s  would be expected,
I I I )  a t  high l i q u i d  s u p e r f i c i a l  v e l o c i t i e s ,  the k i n e t i c  
energy 1s q u i te  capable of break1ng-up the bubbles 
and hence the 1nte r fa c 1a l  area would be Increased.  
This Increase would lead to a remarkable Increase  
1n the vo lumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  1n the  
g r id  zone.
I t  should be noted here t h a t  no s i m i l a r  behavior  was ob- 
Served f o r  the vo lumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  1n the  
bulk reg ion.
Tables 4 . 3 ,  4 .17 and 4.18  show a d i r e c t  correspondence
between the the gas s u p e r f i c i a l  v e l o c i t y  and (K^a)pG 1n bub­
ble columns and 1n three-phase f l u l d l z e d  beds. This Is gen- 
eral l y  a t t r i b u t e d  to the Increased formation of  bubbles wi th  
* be gas f low r a t e s ,  hence enhancing turbu le nce ,  which re -  
Sults 1n higher  volumetr ic  mass t r a n s f e r  c o e f f i c i e n t s .
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TABLE 4.19: Axial Dispersion Coefficients in the Bulk Zone.
Solid Phase Particle Diameter = 0.0 cm
v* \
5.0 7.5 12.0
8.0 26.9 42.3 66.3
26.0 27.5 62.4 62.1
43.0 28.0 41.4 65.1
TABLE 4.20: Axial Dispersion Coefficients in the Bulk Zone.
Solid Phase Particle Diameter * 0.3 cm
v* \
r
o•in 7.5 12.0
8.0 25.4 40.2 63.0
26.0 26.7 39.6 63.8
43.0 26.6 40.7 63.3
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TABLE 4.21: Axial Dispersion Coefficients in the Bulk Zone.
Solid Phase Particle Diameter * 0.5 cm
N V  vl
v* \
5.0
j
in•
i
12.0
8.0 34.0 40.1 62.7
26.0 27.0 40.5 61.8
43.0 28.2 40.5 63.3
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The results in Tables 4.19,  4.20 and 4.21 generally sug-
9e$t, that In both the bubble column and the three-phase 
f luldized beds modes of operation the axial dispersion coef­
f ic ient  in the bulk zone 1s not a strong function of the gas 
superficial veloci ty.  However, i t  seems that the values of  
axlal dispersion coef f ic ient  1n the bulk zone are strongly 
Influenced by the l iqu id superf icial  veloci ty.  This behavior 
Can also be noticed from the data given in Tables 4.13 to 
*•15 for the case of axial dispersion model.
Variation of The Volumetric Mass Transfer Coefficients  
vHth The~DTameter of The Solid Phase Part icles
Bubble flow is of paramount significance to mass t ransfer
across the gas-l iquid interface in three-phase f lu idized
keds. In other words , the size and r ise velocity of the gas
bubbles predominate the gas-liqu1d in ter fac ia l  area and
bance the coeff icients of gas- l iquid mass transfer.
. .The  f lu id  mechanics l i t e ra tu re  of three-phase f lu id i z a -
tf°n have confirmed that  the growth (coalescence) occurs in
beds of re la t ive ly  small par t ic les,  ( e . g . , c f .  Ostergaard
1966» Rigby and Capesl970, Rigby et a l .  1970, Page and Har-
t ! s°n 1972, Darton and Harrison 1974b and N.Epstein,1980).
bubble size was observed in these studies to decrease
Increasing the l iquid velocity.  On the other hand stud­
ies• , ° f  large part icles (above 0.3 cm) demonstrated that bub- 
® dlsintegratlon occurs in such beds (Lee 1965). These 
*)ar‘t icles with high inert ia  are able to deform and s p l i t  any
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^ r ge gas bubbles enter ing the bed. I t  Is Important to bear
mind th a t  studies r e fe r re d  to above were performed a t
re la t1ve ly  low gas v e l o c i t i e s  ( Yg < 13 cm/s) . However, Kim
et  a l . (1977) reported t h a t  a t  h igher  v e l o c i t i e s  p a r t i c l e
size appeared to have no e f f e c t  on bubble s ize ( Vg> 10 
cm/s) .
Epstein (1980) reported the fo l lowing  on the e f f e c t  of
s° H d  phase p a r t i c l e  s ize  on bubble growth :
"The bubble growth e f f e c t  has been a t t r i b u t e d  to 
the f a c t  th a t  when the so l id  p a r t i c l e s  are much 
smal ler  than the bubbles, the l a t t e r  experience  
the 11qu1d- f1u1d1zed bed as a pseudohomgeneous me­
dium of densi ty and v is c o s i ty  g reater  than the 
density and v is c o s i ty  of the pure l i q u i d .  The I n ­
creased v is c o s i t y ,  In p a r t i c u l a r ,  would be expect­
ed to Increase the bubble coalescence ra te  by the 
mechanism of bubble entrapment In the wake of  a 
preceding bubble.
The bubble d is in t e g r a t io n  phenomenon was studied by v a r l -  
0US workers ,  e . g . ,  C l i f t  and Grace (1972) examined two 
Mechanisms of bubble break-up 1n f l u l d l z e d  beds. In the 
f * r $ t  mechanslm, disturbance takes place when a sphere of  
^ameter ,  Dp , f a l l s  through a bubble. This disturbance  
Reaches the f ro n t  of r i s in g  bubbles and breaks them up as a 
r esui t  of Taylor  I n s t a b i l i t y  (Tay lo r  1950) .  The l a t t e r  au- 
^ ° r showed t h a t  the I r r e g u l a r i t i e s  a t  a hor izonta l  I n t e r ­
n e e  between the f l u i d s  tends to grow I f  the upper f l u i d  Is  
denser than the lower.  I t  has been shown exper imental ly  by 
^6nr1ksen and Ostergaard (1974) tha t  as a r e s u l t  of Taylor  
^ s t a b i l i t y  a f l  nger of  l i q u i d  p ro jects  down from the roof
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Va = 8 cm/s
□ Dp = a5cm 
A  D0 * 0.3xma n -
0.05-
0.03-
7.05.0 11.0
V| cm/s
Figure 4 .2 7 :  Variation of K^a Evaluated 
by the Plug Flow Model
with the Liquid Superfacial Velocity
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0.10- □  Dp - 0.5 rcm 
A  Dp = 0:3 rcm
0.08-
007-
m
S r 006- 
m
^  0.05-
0.03-
0.02-
001-
11.09.07.050
Vj cm/s
Figure 4 .2 8 :  Variation of ( K^a )p^ l th  
the Liquid Superfaciai Velocity
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° f  the bubble and e v e n tu a l ly  d iv ides  the bubble 1n two. Fur­
thermore, Henrlksen and Ostergaard (1974)  concluded t h a t  , 
- this mechanism p r e v a i l s  only when the wavelength of d is tu rb ­
a n c e  1s about 1 .7  cm f o r  an a 1 r -w a te r  I n t e r f a c e .  When a 
P a r t i c le  of  a diameter Dp causes t h is  d is tu rbance ,  the m in i ­
mum wavelength of  th is  disturbance  approximately equal 2 Dp . 
Thereby, only glass beads with  Dp g r e a t e r  than 0 .85  cm would 
break the bubbles.  However, In t h i s  study only p a r t i c l e s  be-  
1qw 0 .85  cm were used.
In the second mechanslm, s p l i t t i n g  of the bubbles from 
the re ar  occurs,  when the developing wake behind the bubble 
has s u f f i c i e n t  momentum to reach the roof  of  the bubble.
The r e s u l t s  shown 1n Figure  4 .27 d ep ic t  the v a r i a t i o n  of  
*he volumetr ic  mass t r a n s f e r  c o e f f i c i e n t s  wi th  the l i q u i d  
v®loc1ty 1n beds of  0 .3  cm and 0 .5  cm p a r t i c l e s  a t  low gas 
Vel o c l t y  (Yg * 8 cm/s ) .  F igure 4 .27 demonstrates the pro­
duced e f f e c t  of p a r t i c l e  s i z e .  The volumetr ic  mass t r a n s f e r  
c°e f f1c1ents  1n beds of  0 .5  cm were found to be higher  than 
*he c o e f f i c i e n t s  1n beds of  0 .3  cm p a r t i c l e s ,  t h i s  observa­
t ion is  fn good agreement w i th  the In format ion  on bubble 
c°alescence and d i s i n t e g r a t i o n  r e f f e r e d  to above. This t rend  
* s s t i l l  v a l i d  1n the bulk reg ion .  In F igure  4 . 2 8 ,  ( ^ a )pQ 
* s P lo t ted  aga in s t  f o r  two d i f f e r e n t  p a r t i c l e  d iameters.  
Moreover, a c on s is te n t  r e l a t i o n s h i p  between the vo lumetr ic  
t r a n s f e r  c o e f f i c i e n t s  and the p a r t i c l e  diameters a t  
.■h.|gh gas f low ra tes  do not e x i s t .  This agrees wel l  w i th  the
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conclusion of Kim et a l . (1977) who concluded, that at
higher gas velocit ies,  part ic le  size appears to have no in­
fluence on bubble size (V > 10 cm/s ).  However, Alvarez-Cu- 
®nca et a l .  (1984) stated that (K^a) evaluated with the ax- 
*al dispersion model decreases as the diameter of part icle  
Increases. I t  should be pointed out that the plot which was 
Presented by Alvarez-Cuenca et a l .  (1984) to demonstrate 
this relationship showed higher values of mass transfer  
E f f i c i e n t s  1n beds of 0.3 cm particles than those values 
°f  °»5 cm part icles.  No expiation was given by the authours. 
E e o v e r ,  Cherry et a l . (1978), found that increasing par-
t lcle size increases the mass transfer coeff icients.  This 
E n d  was observed when the l iquid velocit ies (5-12 cm/s) 
Wer*e plotted against the volumetric mass transfer coef f i -  
E n t s  for three di f ferent  part ic le  diameters namely; glass 
E d s  3.2,  4.6 and 0.6 cm at fixed gas velocity (Vg» 5
Cn,/s ) .  Ostergaard and Suchozebrskl (1971) concluded that at 
gas velocit ies (0-3 cm/s), the volumetric mass transfer  
c°aff1cients 1n beds of 0.6 cm particles are higher than the 
E f f i c i e n t s  of 0.1 cm beds.
Wi» permission copyrlght ^  ^  ^
permission.
Chapter  Y 
CONCLUSIONS AND RECOMMENDATIONS
Conclus1ons
The most r e l e v e n t  f in d i n g s  of  the p resen t  research can be 
summarized as fo l lo w s  :
I )  the  contour  diagrams obta ined  1n t h i s  study con­
f i rmed the e x is te n c e  o f  two c l e a r l y  d i s t i n g u i s h a b l e  
mass t r a n s f e r  zones 1n th ree -p h a se  f l u l d l z e d  beds 
and bubble columns,
I I )  the e x is te n c e  of  two d i s t i n c t  mass t r a n s f e r  zones 
1n th re e -p h a s e  f l u l d l z e d  beds and bubble columns 
c o n t r a d i c t s  the a p p l i c a t i o n  o f  one model e . g . ,  the  
plug f low model or the a x ia l  d is p e rs io n  model to 
descr ibe  mass t r a n s f e r  1n such s i t u a t i o n s ,
I I I )  the two-zone model provided a b e t t e r  d e s c r i p t i o n  of  
mass t r a n s f e r  1n th ree -p h a se  f l u l d l z e d  beds and 
bubble columns 1n comparslon w i th  the a x i a l  d i s p e r ­
sion model and the plug f low model.  However, 1 t  was 
not successful  1n p r e d i c t i n g  the c o n c e n t ra t io n  p ro ­
f i l e s  1n th ree -p h a se  f l u l d l z e d  beds a t  low gas and 
l i q u i d  s u p e r f i c i a l  v e l o c i t i e s ;
1v ) the proposed model conforms more c l o s e l y  to the ex­
per imenta l  d a ta .  I t  gave b e t t e r  f i t  to the e x p e r l -
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mental data  than any o th e r  model a t  high as w e l l  as 
low l i q u i d  and gas s u p e r f i c i a l  v e l o c i t i e s ,  
v) the v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t  In c rea s ed  
w i t h  I n c r e a s i n g  the  gas s u p e r f i c i a l  v e l o c i t y  r e ­
g ard less  o f  the model used. On the o th e r  hand the  
v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t  e v a lu a t e d  by 
the  plug f low  model,  the two-zone model and the  
proposed model In c re a s e d  w i t h  I n c r e a s i n g  the  l i q u i d  
s u p e r f i c i a l  v e l o c i t y .  However, the  v o l u m e t r i c  mass 
t r a n s f e r  c o e f f i c i e n t  e v a lu a t e d  by the  a x i a l  d i s p e r ­
sion model was found to be I n c o n s i s t e n t  w i t h  the  
l i q u i d  s u p e r f i c i a l  v e l o c i t i e s ,  
v 1) a t  low gas s u p e r f i c i a l  v e l o c i t y ,  the v o l u m e t r i c
mass t r a n s f e r  c o e f f i c i e n t s  1n beds o f  0 . 5  cm were 
found to be h ig h e r  than the  c o e f f i c i e n t s  1n beds o f  
0 .3  cm p a r t i c l e s .  Moreover ,  a c o n s i s t e n t  r e l a t i o n ­
ship between the v o l u m e t r i c  mass t r a n s f e r  c o e f f i ­
c i e n t s  and the  p a r t i c l e  d iameters  a t  high gas su­
p e r f i c i a l  v e l o c i t i e s  does not  seem to e x i s t ,  
v *1 )  the  v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t s  1n the
bulk reg ion  e v a lu a t e d  by the two-zone model and the  
proposed model were lower  than the v o l u m e t r i c  mass
t r a n s f e r  c o e f f i c i e n t s  1n the  g r i d  reg ion  f o r  a l l
the  exper im enta l  runs In the bubble column. On the
o th e r  hand, when the o p e r a t io n  1s 1n the f l u l d l z e d  
bed mode, the  v o l u m e t r i c  mass t r a n s f e r  c o e f f i c i e n t s
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1n the bulk reg ion were r e l a t i v e l y  h igh er  than  
those In the g r i d  reg ion  a t  on ly  low gas and l i q u i d  
s u p e r f i c i a l  v e l o c i t i e s ,  
v l 11) the  r e s u l t s  o f  the p resen t  study showed t h a t  1n 
both the bubble column and th re e -p h a s e  f l u l d l z e d  
beds modes of  o p e ra t io n  the a x i a l  d is p e rs io n  c o e f ­
f i c i e n t  1s not  a strong f u n c t i o n  o f  the gas super­
f i c i a l  v e l o c i t y .  However, the a x i a l  d is p e rs io n  
c o e f f i c i e n t  1s s t r o n g ly  In f lu e n c e d  by the l i q u i d  
s u p e r f i c i a l  v e l o c i t y .
Recommendatlons f o r  F u r t h e r  Work 
The f o l l o w i n g  are suggest ions f o r  f u r t h e r  s tu d ie s :
D
11)
111)
■ /" ’ ‘
the e f f e c t s  o f  the s o l i d  phase c o n c e n t ra t io n  on the  
mass t r a n s f e r  and the a x i a l  d is p e rs io n  c o e f f i c i e n t s  
could be an 1 n te rs t1 ng  research t o p i c .  U n f o r t u n a t e ­
l y ,  research work 1n th ree -p h a se  f l u l d l z e d  beds 
have not gone through t h i s  d i r e c t i o n .  Consequent ly ,  
more research could be c a r r i e d  out  1n t h a t  d l r e c -  
t1 on.
the two-dimensional  column used 1n the present  
study can be s u b s t i t u t e d  by a c y l i n d r i c a l  column.  
Consequent ly ,  the e f f e c t  o f  columns geometry on the  
mass t r a n s f e r  c o e f f i c i e n t s  can be s tu d ie d ,  
f u r t h e r  I n v e s t i g a t i o n  on the e f f e c t  o f  the p a r t i c l e  
s iz e  on the mass t r a n s f e r  c o e f f i c i e n t s  a t  high gas
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and l i q u i d  s u p e r f i c i a l  v e l o c i t i e s  1s suggested.  
This  can be achieved by using a t  l e a s t  f i v e  d i f f e r ­
ent  p a r t i c l e  s i z e s .  Furthermore ,  the separa t ion  
boundary parameter ,  b, might  be c o r r e l a t e d  w i th  the  
f l u i d  v e l o c i t i e s  and the p a r t i c l e  d ia m ete r .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
BIBLIOGRAPHY
A lv a re z -C u e n c a ,M . , ' Oxygen Mass T r a n s f e r  In Bubble Column
and Three-  phase F l u l d l z e d  Beds, '  Ph.D.ThesTT,The U n iv e r s i t y
O' Western b n t a r i o , London, o n t .  , Canada ( 1 9 7 9 ) .
A lv a re z -C u e n c a ,M .A . ; M.A Nerenberg;  C.G.J Bakerand M.A.  
Bergougnou, * Mass T r a n s f e r  Models f o r  Bubble Column and 
Three-phase F l u l d l z e d  Beds,"1 29 th Canadian Chemical 
t n g i n e e r i g  Conference , SaranTa, O n t . , ( O c t  1979a) .
A lvarez -Cuenca;M.A .N erenberg , 1 The Plug FIow Model f o r  Mass 
T r a n s f e r  1n Three phase F l u l d l z e d  Beds and Bubble 
Hoiumns. C a n . J . u h e m . L n q . . s 9 , / 3 9 , ( i 9 b i ) .
Al varez -Cuenca ,M .;C .G .  BakerjM.A Bergougnouand M.A
Nerenberg,  1 Oxygen Mass T r a n s f e r  1n Three-phase FIu1d1zed  
Beds Working a t  Large Flow Rates,"1 
HahTJTC hem. E n g T ,H T 7 b ^ ,T I^ 3 T :----------
Al varez -Cuenca ,M .;M.A .  Nerenberg;A.A.  Asfour ,  'Mass T r a n s f e r  
E f f e c t s  near the Pi s t r l b u t o r  o f  Three-phase~~Fl u ld l z e d  
Heos. '  Ind .Eng.Chem.. 2 3 .  ( 19B4T7
Anderson,J.L .Qu1nn, 1 FIow T ra ns l t1o n  1n The Presence of  
Trace Contaminants, 1 Chem.Eng.Scl .775 , s / 3 ( l 9 / u ) .
Ba k e r , C . G . J . ,  'Three-phase  F I u l d l z a t l o n , 1 Mul t iphase  
C h e m .R e a c t .V 2 .O x ford . , U . K , 1981.
C h erry ,R .s . ;A .C .Sha rona n d  Z.P Chen, 'Parameters I n f l u e n c i n g  
Dispersion In Three-phase FI ul dl zed Beds, ‘ Report  19/b  
0M T7M 1T.25TT ------------ -------------------------------------------
^ 1 f t , R . ; j . R  Grace,  ' The mechanslm o f  Bubble Break-up 1n 
E l u l d l z e d  Beds, 1 Chem.Eng.Scl . .27T2309 , ( 1 9 7 2 ) .
B a r t o n ,R .c ; D . H a r r is o n ,  * Gas and L iq u id  Hoid-up 1n Three-  
phase F I u 1 d 1 z a t l o n , '  Instn.Chem.Engrs.Symp. s er .  38,  B1, 
London, England,  TlTF74b).
Bpckwer .W.D.;R.Buchart ,and G . Z o l l ,  'M ix ing  and Mass T r a n s f e r  
.il l Tal 1 Bubble Col umns , '  Chem.Eng .Sc1 . ,29 ,217 7 (1974)  .
Ppckvfer.W.D. ,  ' Acess of  Hydrodynam1 c Parameters Requl red 1 n 
I n  The Design and ITca 1 e-up of  Bubble Column R e a c to rs , '  
Cnernl cal Reactors , Ameri can TTFemlcal S o d  e t y , Washl ngton ,
B *C ( 1 9 8 1 ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
115
Deckwer,W.D. ;  K.Nguyen-T1en; B.G. K e lk a r  and Y .T .  Shah,
*Appl1 cab 111ty of  Ax1al D ispers ion  Model to Analyze Mass 
t r a n s f e r  Measurements In Bubble columns, RTthE 
H. ,29 ,915 , (1983 ) .  ”
Dhanuka.Y.R.and J .B .S t e p a n e k , 1 Gas L iq u id  Mass T ra n s fe r  1n £  
Three-phase FI u1 dl zed Beds, '  3 rd Eng. Found.  
r l u l d i z a t l o n  Conference,Hennlker  ( 1 9 8 0 ) .
E p s t e i n , N . ,  'Three-phase  F I u 1 d 1 z a t l o n : Some Knowledge Gaps, '  
Can.J .Chem.Eng. , 5 9 , 6 4 9 , 1 1 9 8 1 ) .
H en r lksen ,H .K . ;  K .O s te rgaard ,  ' C h a r a c t e r ! s t i e s  of Large Two- 
dimensional A1 r  Bubbl es 1 n L iqu ids  in Three-~pFase 
f l u l d l z e d  Beds, 1 Lhem.Eng.JT / , 141 ,TT974 ) .
Henr1ksen ,H .K . ; K .O s te rg aard ,  'The Mechanslm of  Break-up of  
Large Bubbles 1n L iqu ids  and_Three-phase FTuld ized  B e d s , ' 
CTi'ern7E ngYScT.",7 7 , '6F£~T1'97¥T7 ------------ -------------------------------------------
^1m,S.D; C .G .J .B a ke r ;  and M.A.Bergougnou, 'Bubble  
Char a c t e r l s t i e s  In Three-phase F l u l d l z e d  Beds, '  
iHiem.Eng.Sc1. ,125T , ( 1977 ) .
Klra.S.D. and C.H.KIM,  'A x ia l  D ispers ion  C h a r a c t e r i s t i c s  of  
Three-phase F l u l d l z e d  Beds, '  Chem.Eng.Japan 16,172  
11 y 8 3 ) .
^ I n e . S . J . ;  F . A.McCl 1 n to c k , 'D e s c r ib in g  U n c e r t a i n t i e s  In  
SIngle-Sample Exper im ents , '  M e c h . E n g . , / b , 3 , t l 9 b 3 ) .
Langmulr,T.  Phys.Rev. 34,401 ( 1 9 1 2 ) .
*-ee»J .C . ,  ' F l u i d  Mechanics and A era t !  on C h ara c te r l  s t i e s  of  
-P u l dised BedsT1 Proc .3 rd
Lurop.symp.chem.React .Eng. ,Pergaman Press ,Oxford ,E ngland  
( 1 9 6 5 ) .
Lee»J-C and Worth ington,  ' Gas-L lqu id  Mass T r a n s f e r  1n Three-  
-Rhase F l u l d l  zed Beds, '  In t .Chem.Engrs .  Symp. S e r . (T 9 7 4 ) .
Michel sen ,M .L . and K .O ste rg aard ,  'Hold-up and F l u i d  Mixing 1n 
Cas-Li  qu1d FIu1d1zed Beds , '  Chem. Eng. J7H r,T7 ( T 9 / 0 ) .
^s t ®^9aard, K . ,  ' The growth of  A1r Bubbles Formed a t  a 
5l2L9_le O r i f i c e  in a w a t e r T l  ul d1 zed bed,"1 CWem.FrTg.Sc1 
20.165 ( 1 9 6 6 ) .
Ostergaard ,K . and W. Suchozebrsk l , 1Gas-L1puld Mass T r a n s f e r  
In Gas-L1qu1d F Iu ld1zed  Beds,* P ro c .4 th  European 
_  Symposium Chem.Reactor.Eng.,Pergamon Press,  O x f o r d ,21 
' 1 9 6 8 ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
O s te rg a a rd ,K . ,  'Three-phase  FIu1 d i z a t i o n , 1 Academic 
P r e s s , London ( 1 9 / 1 )  •
O s te rg a a rd ,K . ;  and W. Su c h o ze b rs k l , 'Proceeding of the 4th  
European Symposium on Chemical Reactor  E n g ln e e r i n g ,**" 
Pergamon Press,  Oxford^ ( 1 9 / 1 ) .
O s te rg a a rd ,K . and Fosbol , ' T r a n s f e r  o f  Oxygen Across The 
Gas-L1qu1d I n t e r f a c e  In Gas-L1qu1 *3 F1 ul dl zed Beds,"1 
them.E ng.d .  3 ,105  ( 1 9 7 7 ) .
Pa9 e ,R ,E ;  and D . H a r r i s o n ,  Powder Tech. 6 ,245  ( 1 9 7 2 ) .
R igb y ,G .R . ;  C .E.Caps,  'Bed Expansion and Bubble Wakes 1n
Three-phase F lu 1 d 1 z a t 1 o n , ‘ C an .J .C hem .Eng. , 4 8 , 3 4 3 , ( T 9 7 0 ) .
Rigby, G.R . ;  G.P.van B lock la nd;  and C.E .Capes,  ' P r o p e r t l e s  
of  Bubbles 1n Three-phase FIu1d1zed Beds as Measured by 
a_n E l e c t r o r e s  1 s t i  vl ty  P r o b e , 1 Chem. Eng. Scl 25T1729
T T 97 irn   -------------- ------------------
Baylor G . I . ,  'The I n s t a b l 11ty  o f  L iq u id  Surfaces When.
Accel e ra te d  i n a D i r e c t i o n  T e r p e n d i c u l a r  to The1r 
F t a n e s . 1 T F o c . R. Soc. ,A 201 , 1 9 2 , ( 1 9 5 0 ) .
V a i l ,Y u .K . ;N .K h .M a n a k o v  and V . V.Manshl11n , 'T u r b u l e n t  Mixing  
In a Three-phase F l u l d l z e d  Bed, '  In te rn .C h e m .E n g .8 ,293
TTg^sy:— ----------------------------------------
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
117
A ppend ix  A 
EXPERIMENTAL DATA
Gas s u p e r f i c i a l  v e l o c i t y ;  Yg *  8 .0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  5 . 0  cm/s
P a r t i c l e  d i a m e te r ;  Dp *  0 .0  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cg *  0 .9  rag/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 .8  mg/L
A1r r e l a t i v e  h u m i d i t y  *  93 %
Y» The h e i g h t  o f  the  sam p l ing  p o r t  f rom th e  g r i d  1n 
the Y -d 1 re c t1 o n  1n cm.
The d i s t a n c e  f rom th e  l e f t  w a l l  o f  the  column In  
the  X -d 1 re c t1 o n  1n cm.
2 .0
4.0
6 .0  
8 . 0
12 .0  
16.0  
2 0 .0
24.0
30.0
36.0
4 2 .0
48.0
5 4 .0
74 .0
5 9 .0
i ? 4 - 0174 .0
' :  ^ ^
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0 11 33 44 66
2.3 2 .2 2.1 2 .2 2 .3
3 .4 3 .4 3 .4 3 .4 3 .4
3 .7 3 .7 4 .3 3 .9 3 .9
4 .8 4 .6 4 .8 4 .9 5 .0
5.3 5 .3 5 .5 5 .6 5 .2
6.0 5 .9 5 .9 6.0 6.0
6.4 6.0 6.1 6.2 6.3
6.6 6 .6 6.5 6.5 6.5
6.9 6.9 6 .6 6.9 6.9
7 .2 7 .0 6 .8 7 .1 7 .1
7 .4 7 .3 7 .3 7 .4 7.5
7 .6 7 .7 7 .6 7 .8 7 .8
7.9 8.0 7 .8 8.0 8 .0
8 .2 8.1 8.1 8 .1 8.3
8.3 8.3 8 .3 8 .4 8 .4
8.5 8.5 8 .5 8 .6 8 .6
8.7 8 .8 8.7 8 .8 8 .8
Gas s u p e r f ic ia l  v e l o c i t y ;  V, 26.0 cm/s
L iq u i d  s u p e r f i c i a l  v e l o c i t y ;  * 5 .0  cm/s
P a r t i c l e  d ia m e te r ;  Dp *  0 .0  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ« 0 .9  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  * 9 .8  mg/L
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the  g r i d  1n 
the Y-d1rec t1on  In cm.
X** The d i s ta n c e  f rom the  l e f t  w a l l  o f  the  column in  
the X-d1rec t1on 1n cm.
A i r  r e l a t i v e  h u m id i t y 93 %
2 .0
4.0
6 . 0  
8 .0
12 . 0
16.0
20 .0
24.0
30.0
36.0
42.0
54.0
74.0
84.0 
,99.0  
H 4 . 0
154.0
194.0
0 11 33 44 66
3.0 2.8 2.5 3.0 3.1
3.4 3.2 3.0 3.3 3.4
4.5 4.0 4.0 4.3 4 .4
5.0 4 .6 4.5 4.8 5.0
6.0 5.8 5.8 6.0 5.9
6.3 6.2 6.2 6.4 6.4
7.5 7.0 7.0 7.4 7.4
7.9 7.3 7.2 7.8 7.9
8.4 7.5 7.4 7.5 8.4
8.8 7.6 7.6 8.8 8.8
9.0 7.8 7.8 9.0 9.0
9.2 8.0 8.0 9.1 9.1
9.3 8.3 8.2 9.2 9.2
9.3 8.4 8.4 9.3 9.3
9.4 8.6 8.6 9.4 9.4
• k it i t 9.0 * * * **★★ ★★ ★★★ 9.3 * * * **★
9.5 9.5 9.5 9.5 9.5
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Gas s u p e r f i c i a l  v e l o c i t y ;  V * 43.0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  5 .0  cm/s
P a r t i c l e  d i a m e t e r ;  D 0 .0  cm
Oxygen i n i t i a l  c o n c e n t r a t i o n ;  Cq*  1 .1 mg/L 
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 .8  mg/L 
A1r r e l a t i v e  h u m id i t y  *  93 %
Y* The h e i g h t  o f  the  samp l ing  p o r t  f rom the  g r i d  In  
the  Y -d1 rec t1on  1n cm.
X* The d i s ta n c e  f rom the  l e f t  w a l l  o f  the  column 1n 
the X -d1rec t1on  1n cm.
Y \ *
2 . 0
4.0
6 .0  
8 .0
12.0
16.0
2 0 .0
24.0
30.0
36.0
< J 2 .0  
J 54.0 
v 74.0
84.0 
,99 .0  
}34 .0
! 9 4 . o
0 11 33 44 66
4.9 4.3 3.0 4 .8 4 .9
6.8 4 .8 3.5 6.8 6.8
7.8 5 .4 4 .8 7.7 7 .8
8.0 8.2 5.4 8 .2 8.0
8.4 8.5 6.2 8 .4 8 .4**★ 'k 'k i t 7.0 **★ ★★★**★ 7.5 *★*
* * * ★ ★★ 8.0 * * *★★★ *★* 8.1 ★★★ **★
8.7 8.5 8.5 8.5 8 .6
8.8 8.8 8.6 8.7 8.8
8.8 8 .8 8.7 8.7 8 .8
9.0 9.0 8.9 9.1 9.1
■ k it* ★** 9.1 ★**
9.4 9.3 9.3 9.5 9.5
9.5 9.5 9.5 9.6 9 .6
9.6 9.6 9.6 9 .6 9.6
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg ■ 8 .0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  * 7 .5  cm/s
P a r t i c l e  d ia m e te r ;  Dp =* 0 .0  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  (^ ** 0 .9  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 .8  mg/L
A i r  r e l a t i v e  h u m id i t y  * 93 %
Y* The h e i g h t  o f  the  sampl ing  p o r t  f rom the  g r i d  1n 
the Y -d1 rec t1on  1n cm.
X* The d i s ta n c e  f rom the  l e f t  w a l l  o f  the  column 1n 
the X -d1 rec t1on  1n cm.
Y \ x
2 . 0
4.0
6 .0  
8 .0
12.0
16 .0
20 . 0
24.0
30.0
48.0
84.0
114.0
174.0
0 11 33 44 66
1.4 1.3 1.1 1.3 1.4
2.1 2.0 1.5 1.9 2.0
3.2 2.8 2.1 3.2 3.3
3 .8 3 .0 3.3 3 .6 3.7
4 .4 3.5 3 .4 4.0 4.3
5.9 3.9 3.7 5 .6 5 . 8 '
6.2 5.3 5.1 6.0 6.2
7.3 7.1 7.1 7 .2 7.3
7 .6 7.6 7.2 7 .4 7.5
8.3 7.7 7.3 8.1 8.2
8.6 8.2 8.2 8.6 8 .6
8.9 8.9 8.8 8.9 8.9
9.2 9.1 9.1 9.1 9 .2
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Gas s u p e r f ic ia l  v e l o c i t y ;  Y 26.0 cm/s
L iq u id  s u p e r f i c i a l  v e l o c i t y ;  -  7 . 5  cm/s
P a r t i c l e  d ia m e t e r ;  Dp ■ 0 . 0  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cq*  0 . 9  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 . 8  mg/L
A i r  r e l a t i v e  h u m id i ty  *  94 %
Y* The h e i g h t  o f  the  sampling p o r t  from the  g r i d  In  
the Y -d 1 r e c t1 o n  In  cm.
X* The d is t a n c e  from the  l e f t  w a l l  o f  the  column 1n 
the X -d 1rec t1 o n  In  cm.
Y \ $
2 . 0
4 .0
6 .0  
8 .0
12 . 0  
16 . 0  
2 0 . 0  
24 .0  
30 
36 
42 
48 
54 
64 
84 
99 
114 
134 
154 
174 
194
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0
0 11 33 44 66
3 .9 3 .7 5 1 .2 3 . 5 3 .6
4 .4 4 . 8 1 .85 3 .7 5 4 .0
5 .3 5 . 4 2 . 6 4 . 2 4 . 2
6 .2 6 .3 3 .2 4 . 5 ★★★
7.1 6 .9 5 .1 6 .3 6 .0
7 .9 7 .2 5 .5 7 .0
8 .0 7 .9 5 .9 6 .5
8 .1 8 .1 6 .2 6 .6 ★★★
8 .3 8 . 4 6 .4 6 .7 7 .5
8 .3 7 .1 * *★
★★★ 7 .4 6 .9 7 . 6* * * 7 .5 **★ ★★★
7 . 6 ★★★
8 .35 8 .4 7 .7 7 .9 7 . 8* *★ 7 .9 8 .1 8 .0*★* 8 .2 8 .3 8 .2
8 .35 8 .5 8 .4
8 .4 8 .5 8 .5 8 .7 8 . 6
8 .5 8 .6 **★ * * *
8 .6 8 .6 ★** *★*
8 .7 8 .6 5 8 .7 8 . 8 8 . 8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
122
Gas s u p e r f i c i a l  v e l o c i t y ;  V * 43.0  cm/s 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 .5  cm/s
P a r t i c l e  d ia m e te r ;  Dp *  0 .0  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  C0» 1.0 mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 .8  mg/L
A i r  r e l a t i v e  h u m id i t y  * 92 I
Y* The h e i g h t  o f  the sampl ing p o r t  f rom the g r i d  1n 
the Y-d1rec t1on  1n cm.
X* The d i s ta n c e  f rom the  l e f t  w a l l  o f  the column In 
the X-d1rec t1on In  cm.
Y \ *
2 . 0
4.0
6 . 0  
8 .0
12.0
16.0
20.0
24.0
30.0
36.0
42.0
48.0
54.0 
i 74 .0  
, 9 9 . 0
194.0
0 11 33 44 66
4.6 3 .8 2.0 4.0 4.4
6.4 4.3 2.8 6.1 6.5
6.8 6.8 3.9 5.9 6.7
7.3 7.1 4 .2 6.0 7.1
7.8 7 .2 5.6 6.8 7.7
8.2 7.4 5.9 7.6 8.1
8.4 7.6 6.3 7.9 8.3**★ ★★★ 6.6 ★★★ k k k* * * * * * 7.0 ★★★ k k k
8.6 8.3 7.3 8.4 8.5
7.7★★★ 7.9 k k k★★★ 8.1 * * * •k'k'k
8.7 8.4 8.3 8.7 8.8
8.9 8.6 8.6 8.8 8.9
9.0 8.9 8.9 9.0 9.1
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Gas s u p e r f i c i a l  v e l o c i t y ;  V *
Liquid s u p e r f i c i a l  v e l o c i t y ;  *
P a r t i c l e  diameter;  Dp *
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*
*E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *
A i r  r e l a t i v e  h u m id i t y  *
Y* The h e i g h t  o f  the  sampl ing  p o r t  f rom th e  g r i d  1n 
the Y -d1 rec t1on  1n cm.
Xs* The d i s t a n c e  f rom the  l e f t  w a l l  o f  the  column 1n 
the X -d1 rec t1on  1n cm.
8 .0  cm/s
12.0 cm/s 
0 .0  cm 
0 .95  mg/L 
9 .8  mg/L 
92 %
Y \ $
2.0
4 . 0
6 .0  
8 . 0
12.0
16.0
2 0 .0
24.0
30.0
36.0
48.0
64.0
99.0
114.0
134.0
154.0 
1^4.0
194.0
0 11 33 44 66
2.4 2.3 1.3 2.3 2 .4
3 .6 3 .6 1.5 3.5 3.5
4.1 3.9 2.0 3.9 4.0
5.0 4.5 2.5 4 .8 5 .2
5.3 5.1 3.5 5 .2 5 .4
6.0 5.9 4.5 6.1 6.3
6.9 6.5 5.0 6.8 7.0
7.3 7.3 5 .5 7.3 7.9
7.7 7 .6 6.5 7.9 8.3
8.2 7 .8 7.2 8 .4 8.5
* * * 7.4 ★★★ * * *
8 .6 8.5 7.5 8 .6 8.7
8.7 8 .6 7.9 8.7 8.7★★★ **■* 8.3 -k-k-k*★* 8.4 *★*
★★★ * * * 8 .6 k k k * * *
•k'k'k 8.6 k k k k k k
8 .8 8.7 8.7 8.7 8 .8
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg *  26.0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  * 12.0  cm/s
P a r t i c l e  d ia m e te r ;  Dp * 0 .0  cm
Oxygen 1n1t1aJl c o n c e n t r a t i o n ;  CQ* 1.1 mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  *  9 .8  mg/L
V
A1r r e l a t i v e  h u m id i t y  -  93 %
Y* The h e i g h t  o f  the  sampl ing  p o r t  f rom the  g r i d  1n 
the Y -d1 rec t1on  1n cm.
Xs* The d i s ta n c e  f rom the  l e f t  w a l l  o f  the  column In 
the X -d1rec t1on  1n cm.
2 . 0
4 . 0
6 . 0  
8 . 0
12.0
16.0
20.0
2 4 . 0
3 0 . 0
3 6 . 0
4 2 . 0
4 8 . 0
64 .0
84 . 0
9 9 . 0
114.0
134 .0
154.0  
} ?4 . 0
194 .0
0 11 33 44 66
3 . 3 3 . 2 2 . 8 4 . 2 3 . 4
3 . 8 4 . 0 3 . 0 4 . 7 3 . 9
4 . 2 4 . 9 3 . 8 5 . 1 4 . 3
4 . 9 5 . 7 4 . 1 5 . 5 5 . 0
5 . 8 6 . 9 4 . 7 6 . 4 6 .0
6 .9 7 . 6 5 . 0 6 . 9 7 . 1
7 . 8 8 . 2 5 . 5 7 . 2 7 . 8
8 . 2 8 . 6 5 . 9 7 . 4 8 . 2
8 . 4 8 . 6 6 . 3 7 .7 8 . 4* *★ 6 . 6 ★★★
•k'k'k 6 . 9 •k'k'k
•k'k'k 7 . 0 ★★★
k k k * * * 7 . 2
★ ★★ 7 . 5
k k k 7 . 7 ★ ★★ ★★★
8 . 8 8 .9 8 . 0 8 .5 8 . 9
★★★ 8 . 3 k-k-k k k k
8 . 9 8 . 9 8 .5 8 . 8 8 .9
8 . 7 •k-k-k
8 . 9 9 . 0 8 .9 9 . 0 9 . 0
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  V
P a r t i c l e  diameter;  Dp
Oxygen I n i t i a l  concentra t ion;
★
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C 
A1r r e l a t i v e  h umi d i t y  
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom t he  g r i d  1n 
the Y - d 1 r e c t 1 o n  1n cm.
X* The d i s t a n c e  from t he  l e f t  w a l l  o f  the  column 1n 
the X - d 1 r ec t 1 o n  1n cm.
M 4 3 . 0  cm/s
M 1 2 . 0  cm/s
B 0 . 0  cm
o o
R 1 . 0  mg/L
m 9 . 8  mg/L
m 93 %
2 .0
4 . 0
6 .0  
8 .0
12.0  
16.0  
20 .0  
. 24 . 0
3 0 . 0
36 . 0
48 . 0
5 4 . 0
6 4 . 0  
' 7 4 . 0
8 4 . 0  
, 9 9 . 0
1 3 4 . 0
1 5 4 . 0
1 9 4 . 0
0 11 33 44 66
4 . 3 4 . 0 1 - 8 4 . 9 4 . 1
6 . 9 4 . 9 2 . 5 6 . 8 6 . 9
7 . 4 5 . 7 3 . 3 7 . 2 7 . 6
8 . 0 7 . 9 4 . 1 7 . 4 8 . 1
* * * * * ★ 4 . 7
8 . 6 8 . 1 5 . 0 8 . 0 8 . 5
★ ★ ★ ★ * * 5 . 5 ★ ★ ★ k k k
■k'k'k 5 . 9 ★ ★ ★ k k k
:k 'k'k 6 . 2 k k k k k k
8 . 6 8 . 2 6 . 5 8 . 4 8 . 6
8 . 6 8 . 2 6 . 7 8 . 5 8 . 7
k k k 7 . 0 k k k k k k
* * * •k'k'k 7 . 3 k k k k k k
•k'k'k ■k'k'k 7 . 6 k k k k k k
k k k ★ ★★ 8 . 0 k k k k k k
8 . 2 k k k
8 . 6 8 . 5 8 . 4 8 . 7 8 . 7
k k k ★ ★ ★ 8 . 5 * ★ * k k k
8 . 9 8 . 9 8 . 8 9 . 0 8 . 9
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Gas s u p e r f ic ia l  v e l o c i t y ;  Y
mf
L iq u i d  s u p e r f i c i a l  v e l o c i t y ;  Y^ 
P a r t i c l e  d ia m e te r ;  Dp 
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cq 
Eq u i l i b r i u m  c o n c e n t r a t i o n ;  C*
8.0  cm/s
5.0 cm/s 
0 .3  cm 
1 .4  mg/L 
9 .8  mg/L 
90 %A i r . r e l a t i v e  h u m id i t y  
Y* The h e ig h t  o f  the sampl ing p o r t  f rom the g r i d  In 
the Y-d1rec t1on  1n cm.
X* The d is ta n c e  f rom the l e f t  w a l l  o f  the  column 1n 
the X-d1rec t1on  1n cm.
y\ *
2 . 0
6 .0
12.0
20.0
24.0
30.0
36.0
42.0 
54 
64 
74 
84 
99
134 
174 
194
0
0
0
0
0
0
0
0
0 11 33 44 66
1.5 1.5 1.5 1.5 1.5
1.7 1.5 1.5 1.5 1.7
2.0 1.5 1.5 1.5 2.0
3.0 2.2 2.2 2.2 3.0
3.0 2.7 2.7 3.2 3.3
3.2 3.2 3.2 3.5 3.6
3.5 3.6 3.9 3 .6 3 .8
5.7 4.8 4.5 4.3 5.9
5.9 5.4 5.0 5.0 6.2
6.0 5.6 5.4 5.5 6.2
6.4 5.9 5.5 5.7 6.4
6.4 5.9 5.8 5.8 6.5
6.5 6.4 5.9 6.1 6.5
6.6 6.5 6.3 6.5 6.6
6.7 6.6 6.5 6.6 6.6
6.7 6.7 6.6 6.7 6.7
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Gas s u p e r f i c i a l  v e l o c i t y ;  Yg *  2 6 . 0  cm/s 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  V -  5 . 0  cm/s
P a r t i c l e  d i a me t e r ;  Dp *  0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 4  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C*  *  9 . 8  mg/L
A1r r e l a t i v e  humi d i t y  *  90 %
Y* The h e i g h t  o f  the sampl ing p o r t  from the g r i d  1n 
the Y- d1r ec t1on  In  cm.
X* The d i s t a n ce  from the  l e f t  wa l l  o f  the column 1n 
the X- d1r ec t1on  1n cm.
2 .0
4.0
6.0  
8 .0
12.0
16.0
24.0
36.0
42.0
54.0
74.0
i ? 9 - 0134.0
174.0
194.0
0 11 33 44 66
1.9 1.7 1.7 1.8 1.9
2.2 1.9 1.8 1.9 2.1
2.2 2.2 1.9 2.1 2.1
2.6 3.0 3.0 2.6 2.5
4.2 4.3 5.5 4.1 4.3
5.0 5.0 6.2 5.0 5.0
6.1 6.2 6.5 5.7 6.2
7.1 6.8 6.9 6.7 7.3
7.8 7.2 7.1 7.0 7.9
8.1 8.0 7.5 7.3 8.2
8.4 8.4 8.1 7.7 8.4
8.5 8.5 8.3 8.2 8.5
8.5 8.5 8.5 8.3 8.5
8.5 8.5 8.5 8.5 8.5
8.5 8.5 8.5 8.5 8.5
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Gas s u p e r f i c i a l  v e l o c i t y ;  *  4 3 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  Y^  *  5 . 0  cm/s 
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 .3  mg/L 
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 . 8  mg/L 
A i r  r e l a t i v e  h u mi d i t y  *  90 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the g r i d  1n 
the Y - d1 r ec t 1 o n  1n cm.
X* The d i s t a n c e  from the  l e f t  w a l l  o f  the  column in  
in X - d1r ec t 1 on
Y \ *
2 . 0
4 .0
6 .0  
8 . 0
1 2 .0
16.0
20 .0
30 .0
4 2 . 0
54.0
7 4 . 0
99 .0  
} 3 4 . 0
174.0
194.0
0 11 33 44 66
5 . 9 2 .3 1 .7 1 .8 5 . 8
7 . 2 3 .9 2 . 3 3 . 0 7 . 3
7 . 4 5 . 3 3 . 5 3 . 0 7 . 4
7 . 8 6 . 0 4 . 9 3 . 8 7 . 7
8 . 0 7 . 0 5 . 5 4 . 8 7 . 8
8 .4 7 . 7 6 .0 5 . 8 7 . 9
8 . 4 8 . 0 6 .3 7 . 0 8 . 4
8 . 4 8 .3 6 . 6 7 . 2 8 . 5* *★ ★** 7 . 3 •k'k'k -k-k-k
8 . 5 8 . 4 7 . 6 7 . 6 8 . 5
:k'k'k ★** 8 . 3
8 . 6 8 . 5 8 . 3 8 . 4 8 .5
i t 'k 'k 8 .4 ★★★ * * *
8 . 6 8 . 5 8 . 5 8 . 5 8 . 6
8 .6 8 . 5 8 . 5 8 .5 8 . 6
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Gas s u p e r f i c ia l  v e l o c i t y ;  Vg * 8 .0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 . 5  cm/s
P a r t i c l e  d i a m e t e r ;  Dp ■ 0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ-  1 .4  mg/L
*
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C ■ 9 .8  mg/L
A1r r e l a t i v e  h u m id i t y  ■ 91 %
Y* The h e i g h t  o f  the sampl ing  p o r t  f rom the  g r i d  1n 
the Y -d1 rec t1on  In  cm.
X* The d i s t a n c e  f rom the  l e f t  w a l l  o f  the  column In 
the X -d1 rec t1on  1n cm.
Y \ *
2 . 0
4.0
6 . 0  
8 . 0
16 .0
2 0 .0
24.0
3 0 . 0
36 . 0
42.0
48 . 0
54 . 0
64 . 0
74.0 
,8 4 .0  
J14.0
134.0
154.0
174.0
194.0
0 11 33 44 66
1 .5 1 . 5 1 . 5 1 .5 1 .5
1 . 5 1 . 5 1 .5 1 . 5 1 . 5
1 .5 1 . 5 1 .5 1 . 5 1 . 5
1 .5 1 .5 1 . 5 1 .5 1 . 5
2 . 5 2 . 3 1 .7 1 . 7 2 .3
3 . 0 2 .5 2 . 0 2 . 1 2 . 9
3 .1 2 . 8 2 . 5 2 . 6 3 . 0
3 . 5 3 . 2 2 . 8 3 . 0 3 . 5
5 . 0 3 . 8 3 . 3 3 . 7 5 . 1
5 .5 4 . 7 4 . 0 4 . 0 5 . 5
*★* 4 . 5 ★★★
5 . 9 5 . 3 4 . 8 4 . 8 5 . 8★★★ ★★★ 5 . 0 * * * * * *
6 . 3 5 . 8 5 . 2 5 . 2 6 . 2*★* * * * 5 . 5 ★★★
6.5 6 . 1 5 .9 5 . 9 6 . 4
*★* 6.1
6 .5 6 . 4 6 .3 6 .3 6 . 5
6 . 6 6 . 5 6 . 4 6 . 4 6 . 5
6 .7 6 . 5 6 . 6 6 . 6 6 .7
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg *  2 6 . 0  cm/s 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 . 5  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cq *  1 . 4  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 . 8  mg/L
A i r  r e l a t i v e  h u m i d i t y  a 93 %
Y» The h e i g h t  o f  the  sampl ing p o r t  f rom t he  g r i d  1n 
the Y - d 1 r e c t 1 o n  1n cm.
Xs* The d i s t a n c e  f rom t he  l e f t  w a l l  o f  t he  column 1n 
the  X - d 1 r e c t 1 o n  1n cm.
2 . 0
4 . 0
6 . 0  
8 .0
1 2 . 0
16.0
2 0 .0
24 .0
30 . 0
4 2 . 0
54 .0
74 .0
99 . 0
134.0  
1*74.0
194.0
0 11 33 44 66
1 .7 1 . 7 1 . 7 1 .7 1 . 7
2 . 0 1 . 9 1 . 8 1 . 8 1 . 8
2 . 0 1 . 9 1 . 9 1 . 9 2 . 0
2 . 1 2 . 2 2 . 3 2 . 2 2 . 1
3 . 1 3 . 3 4 . 5 3 . 4 3 . 3
4 . 0 4 . 5 5 . 7 4 . 4 4 . 2
4 . 6 4 . 7 5 . 7 5 4 . 7 4 . 7
4 . 8 5 . 0 6 . 0 5 . 0 5 . 0
5 . 3 5 . 6 6 . 2 5 . 4 5 . 3
6 .3 6 . 4 6 . 7 6 . 4 6 . 4
7 . 2 7 . 1 7 . 0 7 . 2 7 . 3
7 . 4 7 . 4 7 . 4 7 . 4 7 . 5
7 . 6 7 . 7 7 . 7 7 . 7 7 . 7
7 . 9 7 . 8 8 . 0 7 . 9 8 . 0
8 . 3 8 . 3 8 . 3 8 . 3 8 . 3
8 . 3 8 . 3 8 . 3 8 . 3 8 . 3
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Gas s u p e r f ic ia l  v e lo c i t y ;  Vg *  43.0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 . 5  cm/s
P a r t i c l e  d i a me t e r ;  Dp ■ 0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 4  mg/L
*
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 . 8  mg/L
A i r  r e l a t i v e  humi d i t y  *  92 %
Y* The h e i g h t  o f  the sampl ing p o r t  f rom the g r i d  1n 
the Y- d1r ec t 1on  In cm.
X* The d i s ta n c e  from the  l e f t  wa l l  o f  the column 1n 
the X- d1r ec t 1on  1n cm.
Y \ *
2 . 0
4 . 0
6 .0  
8 . 0
12.0
16.0
20.0
30.0
42.0
54.0
74.0
99 .0
134.0
174.0
194.0
0 11 33 44 66
4 . 6 2 . 1 1 .9 2 .0 4 . 5
5 . 8 2 .9 2 .2 2 . 9 6 .5
7 . 0 4 . 0 3 . 0 3 . 2 7 .0
7 .3 5 .7 4 .3 4 . 3 7 . 3
7 . 8 6 . 8 5 . 4 5 . 3 7 . 8
8 .0 7 . 8 5 . 8 5 . 8 8 .0
8 .1 8 . 0 6 .2 6 . 4 8 . 1
8 .3 8 . 0 6 .7 6 .7 8 . 3
8 .3 8 . 3 7 .3 7 . 0 8 . 3
8 .5 8 . 3 7 . 6 7 . 6 8 . 5
8 . 5 8 .3 7 . 9 7 . 9 8 . 5
8 . 6 8 . 5 8 .3 8 . 6 8 . 6
8 . 6 8 . 5 8 . 5 8 . 4 8 . 6
8 . 6 8 . 5 8 . 5 8 . 5 8 . 6
8 .6 8 . 5 8 . 5 8 . 5 8 . 6
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Gas s u p e r f i c i a l  v e l o c i t y ;  ■ 8 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  ■ 1 2 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 3  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 . 8  mg/L
A i r  r e l a t i v e  humi d i t y  *  93 X
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the  g r i d  1n 
the Y - d l r e c t l o n  In  cm.
X« The d i s t a n c e  from the  l e f t  w a l l  o f  the  column 1n 
the X - d1r ec t 1 on  In  cm.
y\ *
2 . 0
4 . 0
6 .0  
8 . 0
12.0
16.0
24 .0
36 .0
42 .0
54 .0
64.0
74 .0
84 . 0  
; 9 9 . 0
134.0
154.0
174.0
194.0
0 11 33 44 66
1 .6 1 . 6 1 . 6 1 . 6 1 . 6
1 .75 1 .7 1 . 6 1 .7 1 .7
1 .75 ★★★ 1 . 6 ★★★ ★★★
1.75 1 .7 1 . 6 1 . 8 1 . 8
1 .9 ★★★ 2 . 0 ★★★ ★★★
2 . 0 2 . 0 2 . 2 2 . 2 2 .3
2 .2 2 . 5 2 .5 2 . 7 3 . 0
2 . 8 2 . 8 3 . 1 2 . 9 3 . 4
3 . 3 3 . 4 3 . 2 3 . 2 3 . 8
4 .5 3 . 8 3 . 5 3 . 4 4 . 8
5 . 0 ★★★ 3 . 9 ★★★ ★ ★Hr
5 . 5 4 . 9 4 . 5 4 . 2 5 . 3
5 .8 5 . 3 4 . 7 4 . 5 5 . 5
6 .0 5 .5 4 . 8 4 . 8 5 . 7
6 .3 5 . 9 5 . 6 5 .4 6 . 0
6 .4 6 .2 6 .0 5 . 8 6 . 2
6 . 4 6 . 4 6 .2 6 . 2 6 .4
6 . 6 6 . 6 6 . 6 6 . 4 6 .5
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Gas s u p e r f i c i a l  v e l o c i t y ;  Yg ■ 2 6 . 0  cm/s 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  Y^  *  1 2 . 0  cm/s 
P a r t i c l e  d i a me t e r ;  Dp *  0 . 3  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cg *  1 . 4  mg/L 
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C*  *  9 . 8  mg/L 
A1r r e l a t i v e  humi d i t y  *  91 %
Ya The h e i g h t  o f  the sampl ing p o r t  from the g r i d  In  
the Y- d1r ec t 1on  In cm.
Xs* The d is t a n c e  from the  l e f t  wa l l  o f  the column 1n 
the X- d1r ec t1on  In  cm.
y\ *
2 .0
4 . 0
6.0  
8 .0
12.0
16.0
20.0
30.0
42 .0
54.0
74.0
99.0
134.0
174.0
194.0
0 11 33 44 66
1 .8 1 . 75 1 .75 1 .75 1 . 8
1 .9 1 . 9 1 . 9 1 .9 2 . 0
2 .1 1 .9 2 . 0 2 . 0 2 . 2
2 .7 2 . 6 2 . 5 2 . 6 2 . 8
3 .1 3 . 0 3 . 6 3 . 1 3 .2
3 .7 4 . 0 4 . 4 4 . 0 3 . 7
4 . 6 4 . 1 4 . 5 4 . 2 4 . 6
5 .7 5 . 4 4 . 8 5 .5 5 .7
6 .4 6 .3 5 .3 6 .0 6 . 4
6 . 8 6 . 8 5 . 8 6 .5 6.9
7 .5 7 . 2 6 . 4 6 .8 7 . 4
7 . 6 7 . 5 6 .9 7 . 3 7 . 5
7 . 6 7 . 6 7 . 4 7 .3 7 . 6
7 . 8 7 . 7 7 . 6 7 . 5 7 . 8
7 . 8 7 . 8 7 . 8 7 . 6 7 . 8
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg *  4 3 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  1 2 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 3  cm
Oxygen i n i t i a l  c o n c e n t r a t i o n ;  Cq*  1 . 0  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* ■ 9 . 8  mg/L
A i r  r e l a t i v e  h u m i d i t y  ■ 92 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the  g r i d  1n 
the Y - d 1r e c t 1 o n  1n cm.
X* The d i s t a n c e  from t he  l e f t  w a l l  o f  t he  column In  
the  X - d 1 r e c t 1 o n  1n cm.
K s X
2 . 0
4 . 0
6 .0  
8 . 0
12.0
1 6 . 0
20 .0
2 4 . 0  
30 
42
54 .0
74 .0
99 . 0
134.0
174.0
194.0
.0
0
0 11 33 44 66
4 . 3 2 . 5 1 . 8 1 . 9 4 . 3
6 . 5 4 . 0 1 . 9 2 . 3 6 . 5
7 . 1 5 . 3 2 . 3 2 . 5 6 . 9
7 . 2 5 . 8 2 . 8 3 . 3 7 . 4
7 . 2 6 . 5 3 . 5 3 . 5 7 . 4
7 . 4 6 . 8 4 . 0 4 . 1 7 . 4
4 . 1 * * ★
7 . 4 6 . 9 4 . 5 4 . 6 7 . 5
★★★ 4 . 8
7 . 6 7 . 1 5 . 4 5 . 5 7 . 6
5 . 9 •kit* * * ★
7 . 6 7 . 4 6 . 4 6 . 5 7 . 6
★★★ 6 . 9 k'k'k k k k
* * ★ ★★★ 7 . 3 k k k k k k
7 . 6 7 . 6 7 . 5 7 . 5 7 . 6
7 . 6 7 . 6 7 . 5 7 . 5 7 . 7
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Gas s u p e r f i c i a l  v e l o c i t y ;  Yg *  8 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  5 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 2  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  *  9 . 8  mg/L
A1r r e l a t i v e  h u m i d i t y  *  91 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the  g r i d  In  
the  Y - d1 r e c t 1 o n  1n cm.
X* The d i s t a n c e  from t he  l e f t  w a l l  o f  t he  column In  
t he  X - d 1 r e c t 1 o n  1n cm.
2 . 0
4 . 0
6 . 0  
8 . 0
12.0
20 .0
24 . 0
30 . 0
36 . 0
4 2 . 0
48 . 0
54 .0
74 . 0  
, 9 9 . 0
134.0
174.0
194.0
0 11 33 44 66
1 . 5 1 .5 1 . 5 1 .5 1 .6
1 . 6 1 . 6 1 . 6 1 . 6 1 . 8
1 . 7 1 . 6 1 . 6 1 .7 1 . 9
2 . 0 1 . 6 1 . 6 1 . 9 2 . 3
2 . 5 1 . 6 1 . 6 2 . 3 2 . 9
3 . 9 1 . 6 1 . 6 3 . 0 4 . 3
4 . 1 3 . 0 1 . 9 3 . 4 4 . 6
6 .1 5 . 6 3 . 0 4 . 0 5 . 6
6 . 8 6 . 0 4 . 1 5 .3 7 . 0
6 .9 6 . 6 5 . 5 5 . 9 7 . 2
•k'k'k k k k 5 . 6 k k k k k k
7 . 4 7 . 0 5 . 8 6 . 3 7 . 5
7 . 6 7 . 4 6 . 3 6 . 8 7 . 6
7 . 8 7 .7 6 .9 7 .3 7 . 8
7 . 9 7 . 8 7 . 3 7 . 5 7 . 9
7 . 9 7 . 9 7 . 6 7 . 8 7 . 9
7 . 9 7 . 9 7 . 8 7 . 9 8 . 0
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Gas s u p e r f d c l a l  v e l o c i t y ;  Yg *  2 6 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  5 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cg» 0 . 7  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 . 8  mg/L
A1r r e l a t i v e  h u m i d i t y  *  91 %
Y* The h e i g h t  o f  t he  sampl ing p o r t  f rom t he  g r i d  1n 
the Y - d l r e c t l o n  1n cm.
X* The d i s t a n c e  from t he  l e f t  w a l l  o f  t he  column 1n 
the  X - d 1 r e c t i o n  I n  cm.
Y \ *
2 . 0
4 . 0
6 . 0  
8 , 0
1 2 . 0
16 .0
2 0 . 0
2 4 . 0
3 0 . 0
4 2 . 0
5 4 . 0
7 4 . 0
9 9 . 0
134.0
174.0
194.0
0 11 33 44 66
1 .7 1 . 6 1 . 7 1 . 7 1 . 7
1 . 9 1 . 8 1 . 9 1 . 9 1 . 9
2 . 0 2 . 0 1 .9 1 . 9 2 . 0
2 . 1 2 . 0 1 . 9 2 . 1 2 . 0
2 . 3 2 . 3 2 .7 2 . 4 2 . 3
3 . 4 3 . 6 4 . 6 3 . 5 3 . 4
3 . 9 3 . 7 4 . 9 4 . 0 3 . 5
4 . 7 4 . 5 5 .1 4 . 6 4 . 4
5 . 1 4 . 9 5 . 4 5 . 2 4 . 9
5 . 8 5 . 4 5 . 9 5 . 7 5 . 6
6 . 8 6 .9 6 . 2 6 . 8 6 .5
7 . 2 7 . 2 6 . 4 7 . 0 6 . 9
7 . 3 7 . 3 6 . 8 7 . 2 7 . 0
7 . 4 7 . 4 7 . 1 7 . 3 7 . 1
7 . 5 7 . 4 7 . 3 7 . 4 7 . 3
7 .5 7 . 5 7 .3 7 . 4 7 . 4
■ -s' .
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Gas s u p e r f i c i a l  v e l o c i t y ;  Yg ■ 4 3 . 0  cm/s 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  5 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ-  1 . 2  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C ■ 9 . 8  mg/L
A i r  r e l a t i v e  humi d i t y  -  93 %
Y* The h e i g h t  o f  the  sampl ing p o r t  from the g r i d  1n 
the Y - d 1r ec t 1 on  1n cm.
X* The d i s t a n c e  from the  l e f t  w a l l  o f  the column In  
the X- d1r ec t 1 on  In  cm.
y\ x 0 11 33 44 66
2 . 0 2 . 0 1 .8 1 . 6 1 . 9 2 . 3
4 . 0 2 . 5 1 .9 1 .7 2 . 1 2 . 7
6 .0 2 . 7 2 . 0 2 . 0 2 . 4 3 . 0
8 . 0 5 . 8 2 . 5 2 . 6 3 . 0 6 . 0
12.0 6 .2 4 . 7 4 . 7 4 . 7 6 .2
16.0 7 . 4 5 . 2 4 . 9 5 .4 7 . 4
20.0 8 .0 7 . 8 6 . 2 6 . 5 8 .1
24.0 8 .3 7 . 9 6 .6 6 .9 8 .4
30 .0 8 . 3 8 . 3 6 .7 7 . 0 8 . 4
42.0 8 . 6 8 . 6 7 . 4 7 . 6 8 .7
54.0 8 .7 8 . 7 7 . 8 8 .1 8 .7
74.0 8 .7 8 . 8 8 . 3 8 . 5 8 . 8
99.0 8 .7 8 . 8 8 . 6 8 . 8 8 . 9
134.0 8 . 8 8 . 8 8 . 8 8 . 8 9 . 0
194.0 8 . 9 8 . 9 8 . 8 8 . 8 9 . 0
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Gas s u p e r f i c i a l  v e l o c i t y ;  *  8 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  Y^  ■ 7 . 5  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cq*» 1 . 0  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C ■ 9 . 8  mg/L
A i r  r e l a t i v e  humi d i t y  *  92 %
Y* The h e i g h t  o f  the sampl ing p o r t  f rom the  g r i d  1n 
the Y - d1r ec t 1 on  1n cm.
X* The d i s t a n c e  from the  l e f t  wa l l  o f  the  column 1n 
the X- d1r ec t 1 on  1n cm.
Y \ $  0 11
2 . 0  1 .9  1 . 8
4 . 0  2 . 0  1 . 8
6 . 0  2 . 1  2 . 0
8 . 0  2 . 1  2 . 0
12.0  2 . 2  2 . 1
16.0  2 . 2  2 . 1
20 .0  2 . 2  2 .1
24 .0  2 . 3  3 . 1
30 .0  5 . 6  4 .3
36 .0  6 .5  4 . 8
4 2 . 0  * * *  5 . 6
48 . 0  6 .9  5 . 9
54.0  * * *  * * *
64 .0  7 . 1  6 .4
84 .0  7 .1  6 .8
99 .0  * * *  * * *
114.0 7 . 2  7 . 0
134.0 *★*
154.0 7 . 3  7 . 3
194.0 7 . 5  7 . 4
33 44 66
1 . 8 1 . 8 1 . 9
1 . 8 1 . 8 2 . 0
1 . 8 2 . 0 2 . 1
1 . 8 2 . 0 2 . 1
1 .9 2 .1 2 . 2
2 .1 2 . 1 2 . 2
2 . 6 2 . 2 2 . 3
3 . 1 3 .1 3 . 3
3 . 3 4 . 3 5 . 4
4 . 0 4 . 9 6 . 6
4 . 8 5 .5 7 . 0
5 . 3 5 . 8 7 . 2
5 . 6 ★★★
5 . 9 6 .0 7 . 2
6 .1 6 .5
6 .3 • k i f k
6.5 6 . 8 7 . 3
6 . 8 7 . 0
7 . 1 7 . 3 7 . 4
7 . 3 7 . 4 7 .5
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg *  26.0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 . 5  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 4  mg/L
★
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C *  9 . 8  mg/L
A i r  r e l a t i v e  h u m i d i t y  *  92 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom t he  g r i d  In  
the Y - d 1 r e c t 1 o n  I n  cm.
X* The d i s t a n c e  from t he  l e f t  w a l l  o f  t he  column In  
the X - d 1 r e c t 1 o n  1n cm.
y\ $ 0 11 33 44 66
2 . 0 1 . 6 1 . 5 1 .3 1 .5 1 . 6
4 . 0 1 . 6 1 . 6 1 . 6 1 . 5 1 . 6
6 .0 1 . 6 1 . 6 1 . 8 1 . 6 1 . 6
8 . 0 'k'k'k 2 . 1 ★★★ k k k
12 .0 2 . 6 2 . 4 3 . 8 2 . 5 2 . 7
16.0 3 . 8 3 . 8 5 . 0 3 . 9 3 . 7
2 0 . 0 4 . 4 4 . 8 5 . 4 5 . 0 4 . 5
2 4 . 0 5 .0 5 . 2 5 . 8 5 . 4 5 . 1
3 0 . 0 5 . 0 6 .1 6 . 3 6 . 0 5 . 6
36 . 0 6 .3 6 . 3 6 . 5 6 . 3 6 . 2
4 8 . 0 6 .9 6 . 8 6 . 8 6 . 8 6 . 8
64 .0 7 .5 7 . 3 7 . 3 7 . 3 7 . 4
9 9 . 0 8 . 1 8 . 0 7 . 9 7 . 9 8 . 0
154.0 8 . 4 8 . 5 8 . 4 8 . 4 8 . 5
194.0 8 . 7 8 . 6 8 . 6 8 . 6 8 . 6
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43 .0  cm/sGas s u p e r f i c i a l  v e l o c i t y ;  Vg 
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  7 . 5  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ*  1 . 0  mg/L
_ ,  #
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C ■ 9 . 8  mg/L
A i r  r e l a t i v e  h u m i d i t y  ■ 93 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom t he  g r i d  1n 
the Y - d 1 r e c t 1 o n  I n  cm.
X* The d i s t a n c e  f rom t he  l e f t  w a l l  o f  the  column 1n 
the X - d 1 r e c t 1 o n  I n  cm.
2 . 0
4 . 0
6 .0  
8 . 0
12 .0
16 .0
20.0
2 4 . 0
3 0 . 0
3 6 . 0
4 2 . 0
48 . 0
7 4 . 0
} i 4*0JS4.0
194 .0
0 11 33 44 66
1 . 8 1 . 5 1 . 3 1 . 6 2 . 0
2 . 0 1 . 6 1 . 5 2 . 1 2 . 2
4 . 8 1 . 8 1 . 9 3 . 5 4 . 8
5 . 5 2 . 5 3 . 0 3 . 6 5 . 6
5 . 9 4 . 5 5 . 1 4 . 8 6 . 0
7 . 0 6 . 4 5 . 8 5 . 7 7 . 1
7 . 5 7 . 0 6 . 3 6 . 5 7 . 6
7 . 9 7 . 4 7 . 3 8 . 0* ★ * 6 . 9 •kit* •k'k'k
8 . 1 7 . 9 7 . 2 7 . 4 8 . 2
★★★ 7 . 5 ★★★
8 . 3 8 . 2 7 . 6 7 . 8 8 . 4
8 . 4 8 . 3 8 . 2 8 . 4 8 . 4
8 . 5 8 . 4 8 . 4 8.*5 8 . 5
8 . 5 8 . 4 8 . 4 8 . 5 8 . 5
8 . 5 8 . 4 8 . 4 8 . 5 8 . 5
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg ■ 8 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  *  1 2 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp 3 0 *5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  CQ3 1 . 3  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* ■ 9 . 8  mg/L
A1r r e l a t i v e  h u m i d i t y  *  92 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom t he  g r i d  1n 
the Y - d 1 r ec t 1 o n  1n cm.
X* The d i s t a n c e  from the  l e f t  w a l l  o f  the  column In  
the X - d 1 r ec t 1 o n  1n cm.
2 . 0
4 . 0
6 . 0  
8 .0
12 .0
16.0
2 0 . 0
2 4 . 0
30 . 0
4 2 . 0
4 8 . 0
64 .0
84 .0
114.0
154.0
174.0
194.0
0 11 33 44 66
1 .9 1 .9 1 . 9 1 . 9 1 . 9
1 . 9 1 . 9 1 . 9 1 .9 1 . 9
1 .9 1 .9 1 . 9 1 . 9 2 . 0
2 .1 1 . 9 1 . 9 1 . 9 2 . 0
2 .3 2 . 0 2 . 2 2 . 1 2 . 2
2 . 9 2 . 8 2 . 9 2 . 9 2 . 8
3 . 3 3 . 2 3 . 4 3 . 3 3 . 4
3 . 6 3 . 6 3 . 8 3 . 7 3 . 5
3 . 8 3 . 9 3 . 9 4 . 0 3 . 9
5 .0 4 . 2 4 . 1 4 . 4 5 .1
5 . 6 4 . 3 4 . 4 5 . 3 5 . 7
5 . 9 5 . 4 5 . 3 5 . 5 6 .0
6 . 2 5 . 8 5 . 8 5 .9 6 .2
6 . 3 6 . 4 6 . 3 6 . 3 6 . 4
6 . 6 6 .7 6 .7 6 . 6 6 .7
6 .9 6 . 8 6 .9 6 . 8 7 . 0
7 . 1 7 . 1 7 . 1 7 . 1 7 . 2
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Gas s u p e r f i c i a l  v e l o c i t y ;  Vg *  26.0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  * 12.0 cm/s
P a r t i c l e  d ia m e te r ;  Dp *  0 .5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  Cg* 0 .7  mg/L
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C* *  9 .8  mg/L
A i r  r e l a t i v e  h u m id i t y  *  93 %
Y« The h e i g h t  o f  the  sampl ing  p o r t  f rom the  g r i d  1n 
the  Y -d1 rec t1on  1n cm.
X* The d i s ta n c e  f rom the  l e f t  w a l l  o f  the  column 1n 
the X -d1 rec t1on  1n cm.
Y \ X 11 33 44 66
2 . 0  1 .9  1 . 9  1 . 9  1 . 9  1 .9
4 . 0  2 . 0  2 . 0  2 . 0  2 . 0  2 . 0
6 . 0  2 . 0  2 . 0  2 . 1  2 . 0  2 . 0
8 . 0  2 . 1  2 . 2  2 . 5  2 . 3  2 . 2
12 . 0  2 . 9  3 . 1  3 . 5  3 . 2  3 . 0
1 6 . 0  3 . 0  3 . 6  4 . 2  3 . 5  3 . 1
2 0 . 0  3 . 6  3 . 9  4 . 3  3 . 8  3 . 5
2 4 . 0  3 . 8  4 . 3  4 . 5  4 . 4  3 . 8
3 0 . 0  4 . 4  4 . 7  4 . 7  4 . 7  4 . 4
4 2 . 0  5 . 7  5 . 5  5 . 0  5 . 5  5 . 8
5 4 . 0  6 . 6  6 . 0  5 .5  6 .0  6 .5
, 7 4 . 0  6 . 9  6 . 4  6 . 0  6 . 4  6 . 8
9 9 . 0  7 . 0  6 . 7  6 . 4  6 .7  6 .9
134 .0  7 . 0  7 . 1  6 . 7  7 . 0  7 . 0
174 .0  7 .1  7 . 1  7 . 0  7 . 1  7 . 0
194.0  7 . 2  7 . 1  7 . 0  7 . 1  7 . 1
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Gas s u p e r f i c i a l  v e l o c i t y ;  Yg *  4 3 . 0  cm/s
L i q u i d  s u p e r f i c i a l  v e l o c i t y ;  Y  ^ *  1 2 . 0  cm/s
P a r t i c l e  d i a m e t e r ;  Dp *  0 . 5  cm
Oxygen I n i t i a l  c o n c e n t r a t i o n ;  *  1 . 3  mg/L
*
E q u i l i b r i u m  c o n c e n t r a t i o n ;  C ■ 9 . 8  mg/L
A1r r e l a t i v e  h u m i d i t y  -  90 %
Y* The h e i g h t  o f  the  sampl ing p o r t  f rom the  g r i d  1n 
the Y - d 1 r e c t 1 o n  1n cm.
Xs The d i s t a n c e  from t he  l e f t  w a l l  o f  the  column 1n 
the X - d 1 r ec t 1 o n  1n cm.
y\ *
2 . 0
4 . 0
6 . 0  
8 . 0
12 .0
16 .0
2 4 . 0
3 6 . 0
4 2 . 0
54 .0
74 .0  
, 9 9 . 0
134.0
194.0
0 11 33 44 66
1 . 8 1 . 6 1 . 6 1 . 8 2 . 0
2 . 1 2 . 0 2 . 0 2 . 1 2 . 4
2 . 8 2 . 4 2 . 4 2 . 3 3 . 2
3 . 5 2 . 9 3 . 1 2 . 5 3 . 6
4 . 9 4 . 3 4 . 2 3 . 2 5 . 0
5 . 9 5 . 8 4 . 7 4 . 0 6 . 4
6 . 9 6 . 6 5 . 3 5 . 1 6 .9
7 . 0 7 . 0 5 . 8 5 . 6 7 . 0
7 . 0 7 . 1 6 . 1 * * * ★★★
7. 1 7 . 1 6 . 5 6 . 6 7 . 3
7 .3 7 . 4 7 . 0 7 .3 7 . 4
7 . 5 7 . 5 7 . 5 7 . 4 ★★★
7 . 9 7 . 8 7 . 8 7 . 9
* * * 7 . 9 * * * * * *
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Appendix B
PROGRAM UC0N2 AND CONCENTRATION CONTOUR DIAGRAMS
A contour  diagram 1s a two dimensional  r e p r e s e n t a t i o n  of  
three dimensional  s u r f a ce .
The UC0N2 program 1s used to produce contour  diagrams on 
CalComp p l o t t e r .  The I npu t  to the program 1s 1n the form of  
d i s cr e t e  data (X,  Y and C) .
The contour  diagram 1s produced when a s e r i es  of  e qua l l y  
spaced planes I n t e r c e p t  a f unc t i on  in the form of  Ca f ( X , Y )  
at  r e g u l a r  i n t e r v a l  ( 0 . 2 5  mg/L 1n our c a s e ) .  The f un c t i on  1s 
considered as a polynomial  obta ined by f i t t i n g  the e x p e r i ­
mental data .  The Isogram j o i n t s  the po ints  having the same 
concent ra t ion  of  oxygen 1n the wa t e r .
D e t a i l s  of  the program are provided 1n "UC0N2 CONTOURING 
PROGRAM", pupl lshed by the computing c en t e r  of  the U n i v e r s i ­
ty of  Western O n t a r i o ,  second e d i t i o n ,  Ju l y  1973.
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3Q.co
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P R O C E S S I N G  P A R A M E T E R S  
NUMBER OF OCTANTS WHICH MUST BE F I L L E D  WHEN E VALLA TING CAM POINT PLANES 5
THE S VARIABLE IN THf WEIGHTING FUNCTION USED IN CALCJ.A 7 1 NS DATA POINT PLANES -2 -0 0 0
NUMBER OF DATA POINT PLANES TO BE USEO WHEN EVALUATING GP.IO POINTS 7 
THE S VARIABLE IN THE WEIGHTING FUNCTION USEG IN  CALCULATING GRID POINTS -2 -0 0 0
RACIUS OF SEARCH FOR OATA TO BE USEO IN  PLANE OR GRID EVALUATION 1.-500
P L O T  P A R A M E T E R S .
FOLLOWING ARE THf GENERAL PLOTTING DIRECTIONS FOF THE HAP -
PLOT TITLE 1 
PLOT AXIS 1 
PLOT SYMBOLS 1 
PLOT DATA ANNOTATION
PLOT HEAVY CONTOUR LINES 0 
PLOT LIGHT CONTOUR LINES 1 
ANNOTATE FE AVY CONTOUR LINES 
ANNOTATE LIGHT CONIOU? LINES
°AFT TWO OF A SEPARATED HAP
PLOT HEAVY CONTOUR LINES 0 
PLOT LIGHT CONTOUR LINES 1
FOLLOWING ARE THE PLOTTING DETAILS
ANNOTATE HEAVY CONTOJR LINES 
ANNOTATE LIGHT CONTOUR LINES
PLOTTER WIDTH 9 .
TYPE OF SYMBOL 1
S I Z E  O F  SYMBOL ANNOTATION .0 7
SIZE OF OATA ANNOTATION .0 7
OATA ANNOTATION PLACtHENI -  POSITION i
ANGLE OF DATA ANNOTATION 1
NUMBER OF DECIMALS IN  DATA ANNOTATION 2
SIZE OF CONTOUR ANNOTATION 2
MMSifS ?£ CONTOUR ANNOTATION 0
H £ P L S ° . N! 0UR l i n e s  between heavy l in e s  5
LENGTH OF CONTOUR LINE REQUIREO FOR ANNOTATION f .
MINIMUH NUMBER OF POINTS DEFINING CONTOUR L I f £  1
MINIMUM LENGTH OF CONTOUR LINE .0 1  1
LOWER CONTOUR L IM IT  0 .0 0 0
UPPER CONTOUR L IM IT  10 .000
SEPARATION CONTOUR LEVEL 0.000
ZERO MEANS 00 HOT PLOT
1 MEANS USE PEN 1
2 PEN 2
3 PEN 3
k  PEN k
CONTOUR INTERVAL 250UNITS
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O P *  O ' 5  CM VG=i»3 CH/S VL=5«0 CH/S
H A P  P A R A M E T E R S  
SIZE IN ORIGINAL OATA UNITS
X -  0 .000  UNITS TO 6S .000 UNITS GRID SIZE
Y -  0 .000  UNITS TO 210 .000  UNITS GRID SIZE
PHYSICAL MAP SIZE
X -  6 . 0 0  INCHES GRID SIZE 1 .5 0  INCH
Y -  S . 40 I N C H E S  G R I D  S IZE  .6 0  I N C H  
SIZE IN CGHPUTER .
5 COLUMNS BY 15 ROMS TOTAL 75 GRID SQUARES
I N P U T - O U T P U T  P A R A M E T E R S  
INPUT INOICATEO -  X ,Y ,Z.DATA IN  BCD
INPUT UNIT 10 
REWIND Q 
INPUT JOB 0 
X VARIABLE 1 .
Y VARIABLE 2
Z VARIABLE 3
INPUT FORHATCSM
PRINT DATA 1 
PRINT COEFFICIENTS 1 
PRINT GRID 1 
OUTPUT COEF ON UNIT  
OUTPUT GRID ON UNIT 
OUTPUT GRID ON CARDS 
C F 1 0 .1 ,F 1 0 .1 ,F 1 0 .1 »
I
1 7 .0 0 0  UNITS
1 5 .0 0 0  UNITS
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E X E C U T I O N  M E S S  A C E S
B E G I N N I N G  OF P L O T T I N G  O P E R A T IO N S  -  , S l k  SECONDS
LOG OF PLOT OUTPUT 1 -  NAP  DESCRIPTION PE N  1
LOG Of PLOT OUTPUT 2 -  HAP TITLE PEN 1
LOG OF PLOT OUTPUT 3 -  AXES PEN 1
LOG OF PLOT OUTPUT <» -  DATA NAFKER AND ANNOTATION PEN 1
SYMBOLS ANO/OR DATA ANNOTATION COMPLETED IN -  .(»36 SECONDS
LOG OF PLOT OUTPUT 5 -  HEAVY CONTOURS PEN 0 . LIGHT CONTOURS PEN 1
HEAVY CONTOUR ANNOTATION PEN 0 ,  LIGHT CONTOUR ANNOTATION PEN i
PLOT SUMMARY
MAXIMUM X POSITION REQUESTEO ! 1G.300
MINIMUM X POSITION REQUESTED t .500
MAXIMUM Y POSITION REQUESTED t 9 .650
MINIMUM Y POSITION REQUESTEO I .360
ESTIMATED TOTAL PLOTTING TIME 8 MIN.
OUTPUT IS PLOT NUM2ER 162022 .Cl9
FIRST PART OF SEPARATED CONTOUR MAP COMPLETED IN -  .0 3 9  SECONOS
LOG OF PLOT OUTPUT 6 -  MAP DESCRIPTION PEN 1
LOG OF PLOT OUTPUT 7 -  MAP TITLE PEN 1
LOG OF PLOT OUTPUT 8 -  AXES PEN 1
LOG OF PLOT OUTPUT 9 -  DATA MARKER AND ANNOTATION PEN 1
SYMBOLS ANO/OR DATA ANNOTATION COMPLETED IN -  . « 6  SECONDS
LOG OF PLOT OUTPUT 10 -  HEAVY CONTGUFS PEN 0 . LIGHT CONTOURS PEN 1
HEAVY CONTOUR ANNOTATION PEN 0» LIGHT CONTOUR ANNOTATION PEN 1
PLOT SUMMARY
MAXIMUM X POSITION REQUESTED I I S . 300
MINIMUM X POSITION REQUESTED »• .500
MAXIMUM Y POSITION REQUESTEO I 9 .650
HINIHUH Y POSITION REQUESTED I .360
ESTIHATEO TOTAL PLOTTING TIME I k  MIN.
OUTPUT IS  PLOT NUHBER 162022 .C2<»
CONTOURING COMPLETED IN  1 .877  SECONDS 
SEGMENT 1 .  COMPLETED IN -  2 .3 0 5  SECONOS
ELAPSED TIME TO DATE = 3 .627 SECONDS
END OF JOB
t
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1 5 4
Figure  No
B . l  
B. 2 
B.3 
B. 4 
B .5 
B. 6 
B .7 
B. 8 
B. 9
B . lo  
B . l l  
B.12 
B.13 
B. 14 
B. 15
B. 16
B.17
B. 18
B. 19
C o n c e n t ra t io n  Contour Diagrams
O p e ra t in g  c o n d i t io n s
S o l ld -p h a s e  L i q u i d  s u p e r f i c i a l  Gas s u p e r f i c i a l
P a r t i c l e  v e l o c i t y  cm/s v e l o c i t y  cm/s
Diameter  cm
0 .0  5 .0  2 6 .0
0 .0  7 . 5  2 6 .0
0 .0  7 . 5  4 3 .0
0 .0  1 2 .0  8 .0
0 .0  12 .0  2 6 .0
0 .0  1 2 .0  4 3 .0
0 .3  5 .0  8 .0
0 .3  5 . 0  2 6 .0
0 .3  5 .0  4 3 .0
0 .3  7 .5  8 .0
0 .3  7 .5  26 .0
0 .3  7 .5  4 3 .0
0 .3  12 .0  8 .0
0 .3  1 2 .0  4 3 .0
0 .5  5 .0  8 .0
0 .5  5 .0  4 3 .0
0 .5  7 .5  4 3 .0
0 .5  12 .0  8 .0
0 .5  12 .0  4 3 .0
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Figure B .1: C oncentra tion  Contour Diagram
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1 5 6
o a .7o oa.70 OC.70
o a .so oa.6o oa.GQ a«.;o
0*0000 11*3333 22*6667 45,3333 56*6667 68*0000
Figure B.2: C oncentration  Contour Diagram
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Figure B .3 :  C oncentra tion  Contour Diagram
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c 0t«7Q © ••70 oa-70 o« ai
T>0.70 oa.ao 07 .30
oa.sa 00 .50 07-50
QiOOOO 11 .3333 22*6667  x 45*3333 56*6667
F ig u re  B .4 :  C o n c e n t r a t io n  C o n to u r  D ia g ra m
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Figure B .5: C oncentration  Contour Diagram
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(>8.30 0 0 -3 0 oo-oi 09.00 00*0
0 9 .5 0 0 9 .4 9 0 0 .7 0
0 9 .0
0 9 .0 0 9 .  SO
,0 9 .1 0
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Figure B .6: C oncentration  Contour Diagram
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Figure B.7: Concentration Contour Diagram
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Figure B.9: Concentration  Contour Diagram
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Figure S . 10: Concentration  Contour Diagram
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Figure B .11: Concentration Contour Diagram
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Figure B. 18: Concentration Contour Diagram
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Subrout ines PFM and ZXXSQ
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//ABDUL JOB ( G060, AM4) , ' NHAESI' , CLASS“ Z 
EXEC F0RTVCL6 
' /PORT.SYSIN DD *
p THIS PROGRAM CALULATES THE PARAMETER OF THE PLUG
P FLOW MODEL.
P V( I ) =THE HEIGHT OF SAMPLING PORT FROM THE GRID IN CM.
P Y( I )=THE EXPERIMENTAL CONCENTRATION ALONG THE CENTER
P LINE OF THE COLUMN IN mg/L.
P VL -LIQUID SUPERFACIAL VELOCITY IN cm/s
V  2XSSQ IS A COMPUTER LIBRARY SUBROUTINE.
EXTERNAL PFM
INTEGER M,N , IXJAC, NSIG.MAXFN, IOPT, INFER,IER
REAL PARM(5), X ( 5 ) , F ( 2 2 ) ,  XJAC( 2 2 , 5 ) ,  X JTJ(18 ) ,W 0R K (94 ) ,
* Y ( 2 2 ) , V(22 ) , EPS,DELTA,SSQ,C(22)
COMMON/ZXQ/Y, V 
READ(5 , 2 0 ) M , N , IXJAC 
U FORMAT(312)
2l READ(5,21)EPS,DELTA
1 FORMAT( 2F4 .1 )
2? READ(5.22)NSIG,IOPT,MAXFN 
FORMAT( 2 1 2 ,1 5 )
DO 88 1 = 1 , N 
READ( 5 , 2 3 )  X( I )
FORMAT( F IO .4 )
0 CONTINUE 
DO 1 1 = 1 ,M
? READ( 5 , 2 )  V( I ) . Y( I )
1 FORMAT(G10.4,G20.4)
CONTINUE
5 WRITE( 6 ,5 }
F0RMAT(29X,'THREE-PHASE FLUIDIZED BED')
7 w r i t e ( 6 ,7)
FORMAT(/,33X,'PLUG FLOW MODEL')
8 READ(5,8)VG,YL,DP,C0  
FORMAT(4G10.2)
9 WRITE( 6 , 9 ) VG
FORMAT(/ / / , 13X, 'GAS SUPERFACIAL VELOCITY » ’ ,F5 . 1 , '  c m /s ' )
10 WRITE(6 , 1 0 ) VL
F0RMAT(13X, 'LIQUID SUPERFACIAL VELOCITY = ' , F 5 . 1 , ‘ c m /s ' )
U  WRITE( 6 , 1 1 ) DP
P0RMAT(13X,'SOLID PHASE PARTICLE DIAMETER"' ,F5 . 1 ,  ' cm')
12 WRITE( 6 , 1 2 )  CO
FORMAT(13X,* IN IT IA L  OXYGEN CONCENTRATION « ' , F 5 . 1 , '  mg/L‘ )
13 WRITE( 6 , 1 3 )
FORMAT( / / / , 1 8 X , ' Y ' ,6X, 'C(EXPERIMENTAL) ' , 6X, ' C( PREDICTED ) ' ,
* 5 X , ' RESIDUAL' / )
CALL ZXSSQ(PFM,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,X,SSQ,  
P»XJAC,IXJAC,XJTJ,WORK,INFER,IER)
DO 15 1= 1 , M 
C ( I ) » Y ( I ) - F ( I )
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WRITE( 6 , 1 4 )  V ( I ) , Y ( I ) , C ( I ) , F ( I )
}4 F O R M A T ( 1 5 X , F 6 . 2 , 4 X , F 9 . 2 , 1 0 X , F 9 . 2 , 8 X , F 7 . 3 )
19 CONTINUE
19 F0RMAT(13X, ' STANDARD DEVIATION * ' , 6 9 . 3 , '  m g /L ' )  
STOP 
END
SUBROUTINE PFM (X ,M ,N ,F )
INTEGER M , N , I
REAL X ( N ) , F ( M ) , Y( 2 2 ) , V ( 2 2 )
COMMON/ZXQ/Y, V 
C l = 9 .8  
H=200
DO 29 I = 1,M
F ( I ) = ( Y ( I ) - C 1 + ( C 1 - C 0 ) * E X P ( - X ( 1 ) * V ( I ) ) ) / Y ( I )
29 CONTINUE 
RETURN 
END
A=X(1) *VL  
WRITE( 6 , 1 6 ) A 
F O R M A T ( / / / , 1 3 X ,  'K la  
S=SQRT(SSQ/(M-N)) 
WRITE( 6 , 1 9 )  S
= ' , G9 .3 , 1 I / s ’ )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY ■ 8 . 0  cm/s
UQUID SUPERFACIAL VELOCITY *  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION *  0 . 9  mg/L
Y C(EXPERIMENTAL) C( PREDI
2 . 0 0 2 . 1 0 1 . 7 4
4 . 0 0 3 . 4 0 3 .1 3
6 .0 0 4 . 3 0 4 .1 1
8 . 0 0 4 . 8 0 4 . 7 0
1 2 .00 5 .5 0 5 . 5 4
1 6 .0 0 5 .9 0 6 .0 5
2 0 .0 0 6 .1 0 6 .3 3
2 4 .00 6 .5 0 6 .75
3 6 .0 0 6 .8 0 7 .1 4
4 2 .0 0 7 .3 0 7 . 5 8
4 8 .0 0 7 . 6 0 7 .8 5
5 4 .0 0 7 . 8 0 8 .0 3
7 4 .0 0 8 .1 0 8 .3 0
9 9 .0 0 8 . 3 0 8 . 4 8
134 .00 8 . 5 0 8 .6 5
174 .00 8 . 7 0 8 .8 3
RESIDUAL
0 .3 6 5
0 . 2 6 9
0 .1 9 0
0 . 0 9 5
<0.041
<0.146
<0.235
<0.247
•0 .338
•0 .280
■0.251
■0.232
•0 .204
•0 .180
•0 .153
•0 .126
STiun * 0 . 2 7 9  1 /s
° ‘ ANDARO DEVIATION * 0 . 2 3 3  mg/L
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BUBBLE COLUMN
PLUG FLOW MODEL
fAS SUPERFACIAL VELOCITY *  26 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm
^ I T I A L  OXYGEN CONCENTRATION * 0 .9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 2 .50 2.07
4 .00 3 .00 2 .88
6.00 4 .00 3 .92
8.00 4 .50 4 .52
12.00 5 .80 5.83
16.00 6.20 6.33
20.00 7 .00 7.11
24.00 7 .20 7.35
30.00 7 .40 7 .60
36.00 7 .60 7.81
42.00 7 .80 8.01
54.00 8 .00 8.21
74.00 8 .20 8.39
84.00 8 .40 8.57
99.00 8 .60 8 .74
114.00 9 .00 9 .09
154.00 9 .30 9 .35
194,00 9 .50 9.53
S '*  *0 .2 9 1  1/s
^‘ ANDARD DEVIATION * 0 . 1 7 6  mg/L
RESIDUAL
0.431
0 . 1 2 0
0 .080
- 0 . 0 1 5
- 0 .0 3 1
- 0 .1 3 0
- 0 .1 0 9
- 0 . 1 5 4
- 0 .1 9 9
- 0 .2 1 3
- 0 . 2 1 0
- 0 .2 0 7
- 0 . 1 9 2
- 0 .1 6 5
- 0 .1 3 9
- 0 .0 8 9
- 0 . 0 5 4
- 0 .0 3 2
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BUBBLE COLUMN
PLUG FLOW MODEL
p}S SUPERFACIAL VELOCITY * 4 3 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER" 0 .0  cm
INITIAL OXYGEN CONCENTRATION » 1 .1  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 3 .00 2 .62
4 .00 3 .50 3 .46
6.00 4 .80 4.75
8.00 5 .40 5.43
12.00 6.20 6.33
16.00 7 .00 7 .14
20.00 7 .50 7 .64
24.00 8 .00 8 .12
30.00 8 .10 8 .26
36.00 8 .50 8.63
42.00 8 .60 8.73
54.00 8 .70 8.82
74.00 8 .90 9 .00
84.00 9 .10 9 .18
99.00 9 .30 9.35
134.00 9 .50 9 .53
194.00 9 .60 9 .62
* 0 .3 9 4  1 /s
*'ANDARD DEVIATION *0 .1 4 1  mg/L
RESIDUAL
0.385
0.045
0 .050
- 0 .0 2 7
- 0 .1 2 9
- 0 .1 3 6
- 0 .1 4 4
- 0 .1 2 5
- 0 .1 5 7
- 0 .1 2 6
- 0 .1 2 5
- 0.122
- 0 . 1 0 1
- 0 .0 7 7
- 0 .0 5 4
- 0 .0 3 2
- 0 . 0 2 1
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BUBBLE COLUMN
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm
IN IT IA L  OXYGEN CONCENTRATION = 0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0  1 .10  0 .7 9
4 . 0 0  1 .5 0  1 .47
6 . 0 0  2 . 1 0  2 . 1 0
8 .0 0  3 .3 0  3 .1 2
12 .00  3 .4 0  3 .51
1 6 .00  3 .7 0  3 .9 6
2 0 .0 0  5 .1 0  5 .1 6
2 4 .00  7 .1 0  6 .96
3 0 .0 0  7 .2 0  7 .15
4 8 .0 0  7 . 3 0  7 .4 5
8 4 .0 0  8 .2 0  8 .35
114 .00 8 .8 0  8 .9 0
174 .00  9 . 1 0  9 .1 8
Kja * 0 . 2 3 5  1 /s
STANDARD DEVIATION * 0 . 1 5 7  mg/L
RESIDUAL
0 .31 0
0 .027
- 0 . 0 0 2
0 .1 8 2
- 0 . 1 0 5
- 0 . 2 5 9
- 0 . 0 6 3
0 .1 4 4
0 .0 4 5
- 0 . 1 4 8
- 0 . 1 5 5
- 0 . 1 0 2
- 0 . 0 7 6
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1ST
BUBBLE COLUMN
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 0  cm
IN IT IA L  OXYGEN CONCENTRATION = 0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 .20 0 . 9 5 0 . 2 5 3
4 . 0 0 1 .8 5 1 .77 0 .0 7 5
6 .00 2 . 6 0 2 .5 4 0 .0 5 7
8 .0 0 3 . 2 0 3 . 1 8 0 . 0 2 4
12 .0 0 5 .1 0 4 .9 4 0 .1 5 9
1 6 .00 5 .5 0 5 .4 5 0 .0 4 5
2 0 .0 0 5 .9 0 5 .9 2 - 0 . 0 2 5
2 4 .0 0 6 .2 0 6 .2 8 - 0 . 0 8 1
3 0 .0 0 6 .4 0 6 .5 7 - 0 . 1 6 8
3 6 .0 0 7 .1 0 7 .2 3 - 0 . 1 3 5
4 2 .0 0 7 . 4 0 7 .5 5 - 0 . 1 4 8
4 8 .0 0 7 . 5 0 7 . 6 8 - 0 . 1 7 6
5 4 .00 7 .6 0 7 .7 9 - 0 . 1 9 3
64 .00 7 . 7 0 7 .9 1 - 0 . 2 1 4
8 4 .00 7 .9 0 8 .1 2 - 0 . 2 1 8
9 9 .00 8 .2 0 8 . 3 8 - 0 . 1 8 5
114 .00 8 .3 5 8 .5 2 - 0 . 1 6 9
134.00 8 .5 0 8 .6 5 - 0 . 1 5 1
194.00 8 .7 0 8 .8 3 - 0 . 1 2 6
= 0 .26 2  1 /s
^'ANDARD DEVIATION = 0 . 1 5 6  mg/L
r
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BUBBLE COLUMN
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY = 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 0  cm
IN IT IA L  OXYGEN CONCENTRATION » 1 .0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0  2 . 0 0  1 .62
4 . 0 0  2 . 8 0  2 .6 3
6 .0 0  3 . 9 0  3 .7 4
8 . 0 0  4 . 2 0  4 . 1 8
1 2 .0 0  5 .6 0  5 .57
1 6 .0 0  5 . 9 0  6 .0 0
2 0 .0 0  6 .3 0  6 .45
2 4 .0 0  6 .6 0  6 .7 9
3 0 .0 0  7 . 0 0  7 .2 2
3 6 .0 0  7 . 3 0  7 .5 3
4 2 .0 0  7 . 7 0  7 .9 0
4 8 .0 0  7 . 9 0  8 .0 9
5 4 .0 0  8 . 1 0  8 . 2 8
7 4 .0 0  8 .3 0  8 .4 7
9 9 .0 0  8 . 6 0  8 . 7 4
194 .00  8 .9 0  9 .0 0
- 0 . 3 7 0  1 /s
STANDARD DEVIATION - 0 . 1 8 9  mg/L
RESIDUAL
0 . 3 7 8
0 . 1 6 8
0 .1 6 0
0 .0 2 3
0 .0 2 5
- 0 .1 0 0
- 0 . 1 5 5
- 0 . 1 9 3
- 0 . 2 1 7
- 0 . 2 2 6
- 0 . 1 9 9
- 0 . 1 9 3
- 0 . 1 7 9
- 0 . 1 7 3
- 0 . 1 3 8
- 0 . 1 0 1
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BUBBLE COLUMN
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY = 8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 1 2 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 0  cm
‘ NITIAL OXYGEN CONCENTRATION *  0 . 9  mg/L
Y C(EXPERIMENTAL) C( PREDICTED) RESIDUAL
2 . 0 0 1 .3 0 0 . 8 5 0 .4 4 6
4 .0 0 1 .5 0 1 .4 3 0 . 0 7 4
6 .0 0 2 .0 0 2 .0 0 - 0 . 0 0 4
8 .0 0 2 .5 0 2 .5 3 - 0 . 0 3 2
12 .00 3 .5 0 3 .5 3 - 0 . 0 3 0
16 .0 0 4 . 5 0 4 . 5 0 0 .0 0 4
2 0 .0 0 5 .0 0 5 .0 5 - 0 . 0 4 7
2 4 .0 0 5 .5 0 5 .57 - 0 . 0 6 9
3 0 .0 0 6 .5 0 6 .5 3 - 0 . 0 2 8
3 6 .0 0 7 .2 0 7 .2 2 - 0 . 0 1 7
4 8 .0 0 7 . 4 0 7 .51 - 0 . 1 1 3
64 .00 7 .5 0 7 .6 9 - 0 . 1 9 3
9 9 .0 0 7 .9 0 8 .1 1 - 0 . 2 1 2
114 .00 8 . 3 0 8 .4 7 - 0 . 1 6 6
134 .00 8 .4 0 8 .5 6 - 0 . 1 6 0
154 .00 8 . 6 0 8 .7 4 - 0 . 1 3 6
174 .00 8 .6 0 8 .7 4 - 0 . 1 3 8
194 .00 8 .7 0 8 .8 3 - 0 . 1 2 6
“ 0 .3 0 7  1 /s
* ‘ ANDARD DEVIATION = 0 .1 5 6  mg/L
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BUBBLE COLUMN
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm 
IN ITIAL OXYGEN CONCENTRATION -  0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .0 0 2 .8 0 2 .1 4 0 .6 5 8
4 .0 0 3 .0 0 2 .61 0 .3 9 2
6 .00 3 .8 0 3 .49 0 .3 1 5
8 .00 4 .1 0 3 .91 0 .1 9 3
12.00 4 .7 0 4 .6 6 0 .0 3 9
16.00 5 .0 0 5 .10 - 0 . 1 0 0
20 .0 0 5 .5 0 5 .65 - 0 . 1 4 5
2 4 .00 5 .9 0 6 .0 8 - 0 . 1 7 8
30 .00 6 .30 6 .52 - 0 . 2 2 4
36 .00 6 .60 6 .85 - 0 . 2 5 2
4 2 .00 6 .90 7 .1 6 - 0 . 2 5 7
4 8 .00 7 .0 0 7 . 2 8 - 0 . 2 8 2
64 .00 7 .2 0 7 .51 - 0 . 3 1 1
84 .00 7 .5 0 7 .7 9 - 0 . 2 8 9
99 .00 7 .7 0 7 .9 6 - 0 . 2 6 5
114.00 8 .0 0 8 .22 - 0 . 2 2 2
134.00 8 .3 0 8 .4 8 - 0 . 1 8 0
154.00 8 .5 0 8 .65 - 0 . 1 5 3
174.00 8 .7 0 8 .8 3 - 0 . 1 2 6
194.00 8 .9 0 9 .0 0 - 0 . 1 0 1
* 0 . 3 4 0  1 /s
STANDARD DEVIATION * 0 . 2 7 4  mg/L
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BUBBLE COLUMN
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY = 43.0 cm/s 
LIQUID SUPERFACIAL VELOCITY * 12.0 cm/s 
SOLID PHASE PARTICLE DIAMETER- 0.0 cm 
INITIAL OXYGEN CONCENTRATION » 0.9 mg/L
Y C{EXPERIMENTAL) C{PREDI
2.00 1.80 1.32
4.00 2.50 2.21
6.00 3.30 3.07
8.00 4.10 3.88
12.00 4.70 4.64
16.00 5.00 5.08
20.00 5.50 5.62
24.00 5.90 6.06
30.00 6.20 6.43
36.00 6.50 6.76
48.00 6.70 7.03
54.00 7.00 7.30
64.00 7.30 7.59
74.00 7.60 7.86
84.00 8.00 8.21
.99.00 8.20 8.39
134.00 8.40 8.57
154.00 8.50 8.65
194.00 8.80 8.91*
RESIDUAL
0.485
0.293
0.234
0.215
0.063
-0.075
-0.123
-0.157
-0.225
-0.256
-0.328
-0.305
-0.287
-0.257
-0.206
-0.186
-0.165
-0.152
-0.114
*0.397 1/s
^ANDARD DEVIATION *0.245 mg/L
Reproduced p6missi0„ of the copyr,gh, _  ^  ^  ^
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
INIT IAL OXYGEN CONCENTRATION = 1 .4  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .50 1 .57
6 .00 1 .5 0 1 .7 2
1 2 .00 1 .50 1 .93
2 0 .0 0 2 .2 0 2 .3 6
2 4 .0 0 2 .7 0 2 .7 1
3 0 .0 0 3 .2 0 3 .1 4
36 .0 0 3 .9 0 3 . 7 4
42 .0 0 4 .5 0 4 .3 0
5 4 .00 5 .0 0 4 .8 1
6 4 .00 5 .4 0 5 .2 2
7 4 .0 0 5 .5 0 5 .31
8 4 .0 0 5 .8 0 5 . 6 8
9 9 .0 0 5 .9 0 5 .8 4
134.00 6 .3 0 6 .33
174 .00 6 .5 0 6 .6 2
194.00 6 .6 0 6 .8 0
* 1 *  = 0 .3 43 E -0 1  1 /s
STANDARD DEVIATION * 0 . 2 0 1  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
RESIDUAL
0 .0 7 0  
0 .2 2 0  
0 . 4 3 0  
0 . 1 6 0  
0 . 0 1 0  
0 .0 6 0  
0 .1 6 0  
0 .2 0 0  
0 .1 9 0  
0 .1 8 0  
0 .1 3 0  
0 .1 2 0  
0 .0 6 0  
0 .0 3 0  
0 .1 2 0  
- 0 .2 0 0
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY -  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
INITIAL OXYGEN CONCENTRATION » 1 .4  mg/L
Y C( EXPERIMENTAL) C( PREDICTED) RESIDUAL
2 .0 0 1 .70 1.81 - 0 . 1 1 0
4 .0 0 1 .80 2 .05 - 0 . 2 5 0
6 .00 1 .90 2 .27 - 0 . 3 7 0
8 .00 3 .00 2 .9 8 0 .0 2 0
12.00 5 .50 5 .14 0 .3 6 0
16.00 6 .20 5 .86 0 .3 4 0
24 .00 6 .50 6 .2 8 0 .2 2 0
36 .00 6 .90 6.81 0 .0 9 0
4 2 .00 7 .1 0 7 .05 0 .0 5 0
54 .00 7 .5 0 7 .5 6 - 0 . 0 6 0
74 .00 8 .1 0 8 .13 - 0 . 0 3 0
99 .00 8 .30 8 .4 0 - 0 . 1 0 0
134.00 8 .5 0 8 .61 - 0 . 1 1 0
174.00 8 .50 8 .6 4 - 0 . 1 4 0
194.00 8 .5 0 8 .6 4 - 0 . 1 4 0
* 0 . 1 1 9  1 /s
^ ‘ ANDARD DEVIATION * 0 . 1 7 8  mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
pAS SUPERFACIAL VELOCITY -  4 3 .0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 3  cm
INITIAL OXYGEN CONCENTRATION = 1 .3  mg/L
Y C(EXPERIMENTAL) C( PREDICTED)
2 .0 0 1 .70 1 .9 4
4 .0 0 2 .3 0 2 .4 6
6 .00 3 .5 0 3 .4 0
8 .0 0 4 .9 0 4 .6 5
12 .00 5 .5 0 5 .32
16.00 6 .00 5 .87
2 0 .00 6 .30 6 .23
30 .00 6 .60 6 .6 8
4 2 .00 7 .3 0 7 .41
54 .00 7 .6 0 7 .7 5
74 .00 8 .3 0 8 .42
99 .00 8 .3 0 8 .4 6
134.00 8 .4 0 8 .5 6
174.00 8 .5 0 8 .65
194.00 8 .5 0 8 .65
RESIDUAL
- 0 . 2 4 0
- 0 . 1 6 0
0 . 1 0 0
0 .2 5 0
0 .3 7 0
0 .1 3 0
0 .0 7 0
- 0 . 0 8 0
- 0 . 1 1 0
- 0 . 1 5 0
- 0 . 1 2 0
- 0 . 1 6 0
- 0 . 1 6 0
- 0 . 1 5 0
- 0 . 1 5 0
standard d e v i a t i o n
- 0 . 1 8 7
- 0 . 1 5 8
1 /s
mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 . 3  cm 
IN IT IAL OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .0 0 1 .50 0 .6 5 0 .8 4 8
4 .0 0 1 .50 0 .8 0 0 .699
6 .00 1 .50 0 .9 5 0 .55 4
8 .00 1 .50 1 .09 0 .41 3
16.00 1 .70 1 .69 0 .01 0
20.00 2 .0 0 2 .03 - 0 . 0 2 8
2 4 .00 2 .50 2 .4 6 0 .03 5
30 .00 2 .80 2 .8 4 - 0 . 0 4 1
36 .00 3 .3 0 3 .33 - 0 . 0 2 6
42 .00 4 .0 0 3 .9 6 0 .0 4 4
4 8 .00 4 .5 0 4 .4 4 0 .0 6 0
54.00 4 .8 0 4 .7 6 0 .039
64.00 5 .00 5 .0 4 - 0 . 0 3 7
74 .00 5 .20 5 .30 - 0 . 0 9 6
84 .00 5 .50 5 .6 2 - 0 . 1 1 9
114.00 5 .9 0 6 .13 - 0 . 2 2 7
134.00 6 .10 6 .37 - 0 . 2 7 5
154.00 6 .30 6 .60 ’ - 0 . 3 0 2
174.00 6 .40 6 .73 - 0 . 3 3 4
194.00 6 .60 6 .93 - 0 . 3 3 4
a = 0 . 470E-01 1 /s
'andard DEVIATION =0.337 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY 
LIQUID SUPERFACIAL VELOCITY 
SOLID PHASE PARTICLE DIAMETER8 
^ I T I A L  OXYGEN CONCENTRATION 8
2 6 .0  cm/s 
7 .5  cm/s 
0 .3  cm 
1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .70 1 .15
4 .0 0 1 .80 1 .61
6 .00 1 .90 2 .01
8 .0 0 2 .30 2 .4 8
12 .00 4 .5 0 4 .3 4
16.00 5 .7 0 5 .5 2
20 .00 5 .7 5 5 .69
24 .00 6 .00 6 .01
3 0 .00 6 .20 6 .31
4 2 .00 6 .70 6 .89
54 .00 7 .0 0 7 .2 4
7 4 .00 7 .4 0 7 .6 6
99 .00 7 .7 0 7 .95
134.00 8 .0 0 8 .2 2
174.00 8 .3 0 8 .4 8
194.00 8 .3 0 8 .4 8
RESIDUAL
0 .5 5 2  
0 .1 8 7  
• 0 .11 1  
•0.177  
0 .1 6 3  
0 .18 1  
0 .0 5 5  
•0 .014  
• 0 . 1 1 0  
•0.195  
■0.242 
•0 .258  
■0.249 
• 0 . 2 2 0  
•0.180  
•0.180
Kla
StANDARD DEVIATION
‘0 .157
0 .2 3 0
1 /s
mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
pAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 . 3  cm
IN IT IAL  OXYGEN CONCENTRATION = 1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 .9 0 1 .5 0 0 .3 9 7
4 . 0 0 2 .2 0 2 . 1 8 0 .0 1 9
6 .0 0 3 . 0 0 3 . 0 2 - 0 . 0 1 7
8 .0 0 4 . 3 0 4 .1 9 0 .1 0 7
1 2 .0 0 5 .4 0 5 .3 5 0 .0 4 6
1 6 .00 5 .8 0 5 .8 6 - 0 . 0 6 5
2 0 .0 0 6 .20 6 .32 - 0 . 1 2 5
3 0 .0 0 6 .7 0 6 .9 4 - 0 . 2 3 6
4 2 .0 0 7 . 3 0 7 .5 4 - 0 . 2 4 4
5 4 .0 0 7 .6 0 7 .8 4 - 0 . 2 4 5
7 4 .0 0 7 . 9 0 8 .1 3 - 0 . 2 2 8
9 9 .0 0 8 . 3 0 8 . 4 8 - 0 . 1 7 8
134 .00 8 .5 0 8 .6 5 - 0 . 1 5 3
174 .00 8 .5 0 8 .6 5 - 0 . 1 5 3
194 .00 8 .5 0 8 .6 5 - 0 . 1 5 3
* 0 . 2 6 4  1 /s
STANDARD DEVIATION = 0 .1 9 3  mg/L
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THREE-PHASE FLUID I ZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY » 8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 3  cm
IN IT IAL  OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL)
2 . 0 0 1 .6 0
4 .0 0 1 .6 0
6 .0 0 1 .6 0
8 .0 0 1 .6 0
12 .00 2 .0 0
16 .00 2 .2 0
2 4 .0 0 2 .5 0
3 6 .0 0 3 .1 0
4 2 .0 0 3 .2 0
5 4 .0 0 3 . 5 0
6 4 .00 3 .9 0
7 4 .0 0 4 . 5 0
8 4 .0 0 4 .7 0
9 9 .0 0 4 .8 0
134 .00 5 . 6 0
154.00 6 .0 0
174 .00 6 .2 0
194 .00 6 .6 0
C(PREDICTED) RESIDUAL
0 . 7 2 0 .8 8 0
0 . 8 4 0 .7 6 3
0 .9 5 0 . 6 4 8
1 .07 0 .5 3 5
1 .55 0 .4 5 2
1 .85 0 .3 4 9
2 .3 3 0 .1 7 3
3 .0 5 0 . 0 5 4
3 .2 4 - 0 . 0 4 0
3 . 6 6 - 0 . 1 5 7
4 . 0 8 - 0 . 1 7 7
4 . 6 3 - 0 . 1 2 9
4 . 8 8 - 0 . 1 7 6
5 .0 7 - 0 . 2 7 4
5 . 8 8 - 0 . 2 8 4
6 .2 8 - 0 . 2 7 6
6 .5 0 - 0 . 2 9 7
6 .87 - 0 . 2 6 6
Kl * 0 . 630E-01 1 /s
StANDARD DEVIATION =o ! 414 mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
pAS SUPERFACIAL VELOCITY -  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER® 0 .3  cm 
I N I T I A L  OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .75 1 .09
4 .0 0 1 .90 1 .50
6 .00 2 .00 1 .83
8 .0 0 2 .5 0 2 .3 6
12.00 3 .6 0 3 .45
16 .00 4 .4 0 4 .27
20 .00 4 .5 0 4 .51
3 0 .00 4 .8 0 5 .0 4
4 2 .0 0 5 .3 0 5 .65
54 .00 5 .8 0 6 .17
74 .00 6 .40 6 .7 8
99 .00 6 .90 7 .25
134.00 7 .4 0 7 .7 0
174.00 7 .6 0 7 .8 8
194 .00 7 .8 0 8 .05
* 0 . 1 7 5  1 /s
tJANDARD DEVIATION * 0 . 3 2 8  mg/L
RESIDUAL
0 .6 6 3
0 .39 7
0 .167
0 .13 7
0 .1 5 3
0 .1 2 8
- 0 . 0 0 8
- 0 . 2 3 8
- 0 . 3 4 8
- 0 . 3 7 4
- 0 . 3 7 8
- 0 . 3 5 5
- 0 . 3 0 4
- 0 . 2 8 4
- 0 . 2 5 3
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY -  4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER- 0 . 3  cm 
IN IT IA L  OXYGEN CONCENTRATION -  1 . 0  mg/L
Y C(EXPERIMENTAL) C( PREDICTED)
2 . 0 0 1 .8 0 1 .12
4 .0 0 1 .9 0 1 .4 8
6 .0 0 2 . 3 0 2 .0 0
8 .0 0 2 .8 0 2 .5 5
12 .00 3 .5 0 3 .3 5
16 .00 4 .0 0 3 .9 4
2 0 .0 0 4 .1 0 4 . 1 8
24 .0 0 4 . 5 0 4 .6 2
3 0 .0 0 4 . 8 0 5 .01
4 2 .0 0 5 .4 0 5 .7 0
54 .0 0 5 .9 0 6 .2 3
74 .0 0 6 .4 0 6 .77
99 .0 0 6 .9 0 7 .2 5
134 .00 7 .3 0 7 .6 2
174 .00 7 .5 0 7 .8 0
194 .00 7 ,5 0 7 .8 0
- 0 . 3 6 1  1 /s
^'ANDARD DEVIATION - 0 . 3 2 9  mg/L
RESIDUAL
0 .6 8 3
0 .4 1 6
0 .2 9 7
0 .2 5 2
0 .1 5 2
0 .0 6 5
- 0 . 0 8 0
- 0 . 1 1 9
- 0 . 2 1 3
- 0 . 3 0 1
- 0 . 3 3 3
- 0 . 3 6 5
- 0 . 3 4 8
- 0 . 3 1 9
- 0 . 3 0 0
- 0 . 3 0 3
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .5  cm
INITIAL OXYGEN CONCENTRATION » 1 .2  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .50 0 .67
4 .0 0 1 .60 0 .92
6 .00 1 .60 1.07
8 .00 1.60 1 .22
12.00 1 .60 1 .51
20 .00 1 .60 2 .04
24.00 1 .90 2 .32
30 .00 3 .00 3 .0 8
36 .00 4 .10 4 .01
42 .0 0 5 .50 5 .27
48 .00 5 .60 5 .43
54 .00 5 .80 5.67
74 .00 6 .30 6 .28
99 .00 6 .90 6 .94
134.00 7 .30 7 .42
174.00 7 .60 7 .7 6
194.00 7 .80  , 7 .9 6
RESIDUAL
0 .8 2 8
0 .681
0 .52 8
0 .3 7 8
0 .09 2
- 0 . 4 3 8
- 0 . 4 1 6
- 0 . 0 8 0
0 .087
0 .234
0 .171
0 .131
0 .023
- 0 . 0 4 2
- 0 . 1 1 9
- 0 . 1 6 4
- 0 . 1 6 3
STANDARD DEVIATION
* 0 . 320E-01 1 /s  
- 0 . 3 6 5  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 5  cm
IN IT IA L  OXYGEN CONCENTRATION *  1 .2  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 .7 0 1 .0 4 0 .6 6 5
4 . 0 0 1 .9 0 1 .4 8 0 . 4 1 8
6 .0 0 1 .9 0 1 .75 0 .1 5 2
8 .0 0 1 .9 0 2 .0 0 - 0 . 0 9 9
1 2 .00 2 . 7 0 2 .8 0 - 0 . 0 9 6
1 6 .00 4 . 6 0 4 .4 1 0 .1 8 9
2 0 .0 0 4 .9 0 4 . 8 0 0 .0 9 9
2 4 .0 0 5 .1 0 5 .0 9 0 .0 1 5
3 0 .0 0 5 .4 0 5 . 4 8 - 0 . 0 7 6
4 2 .0 0 5 .9 0 6 .09 - 0 . 1 8 9
5 4 .0 0 6 .2 0 6 .47 - 0 . 2 6 7
7 4 .0 0 6 .4 0 6 .7 6 - 0 . 3 6 4
9 9 .0 0 6 .8 0 7 .1 7 - 0 . 3 6 7
134.00 7 .1 0 7 .4 6 - 0 . 3 5 5
174 .00 7 .3 0 7 . 6 4 - 0 . 3 3 5
194 .00 7 .3 0 7 .6 4 - 0 . 3 3 8
* 0 .  740E-01 1 /s  
5 *ANDARD DEVIATION * 0 . 3 1 0  mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY » 4 3 . 0  cm/s 
LIQUID SUPERFACIAL VELOCITY *  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm
i n i t i a l  OXYGEN CONCENTRATION
Y C( EXPERIMENTAL)
2 . 0 0 1 .6 0
4 .0 0 1 .7 0
6 .0 0 2 .0 0
8 .0 0 2 .6 0
1 2 .00 4 .7 0
1 6 .00 4 . 9 0
2 0 .0 0 6 .2 0
2 4 .0 0 6 .60
3 0 .0 0 6 .7 0
4 2 .0 0 7 .4 0
5 4 .0 0 7 . 8 0
7 4 .0 0 8 .3 0
9 9 .0 0 8 .6 0
134 .00 8 .8 0
194 .00 8 .8 0
*  1 .2  mg/L
C(PREDICTED) RESIDUAL
1 .1 2  0 .4 7 9
1 .6 4  0 .0 6 1
2 .1 5  - 0 . 1 4 7
2 .7 3  - 0 . 1 2 8
4 . 5 6  0 . 1 3 8
4 . 9 2  - 0 . 0 1 8
6 .1 3  0 .0 6 9
6 .57  0 .0 2 6
6 .7 8  - 0 . 0 7 7
7 . 5 2  - 0 . 1 2 0
7 . 9 4  - 0 . 1 4 2
8 . 4 4  - 0 . 1 3 7
8 .7 3  - 0 . 1 2 6
8 .9 1  - 0 . 1 1 1
8 .9 1  - 0 . 1 1 3
Kja = 0 .1 3 9  1 /s
STANDARD DEVIATION = 0 . 1 6 8  mg/L
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THREE-PHASE FLUID I ZED BED
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm
INITIAL OXYGEN CONCENTRATION *  1 .0  mg/L
Y C( EXPERIMENTAL)
2 .00 1 .80
4 .00 1 .80
6 .00 1 .80
8 .00 1 .80
12.00 1.90
16.00 2 .10
20 .00 2 .60
24.00 3 .10
30 .00 3 .30
36.00 4 .00
42.00 4 .80
48 .00 5 .30
54.00 5 .60
64.00 5 .90
84.00 6 .10
99.00 6 .30
114.00 6 .50
134.00 6 .80
154.00 7 .10
194.00 7 .30
Kla
StANDARD DEVIATION
C( PREDICTED) RESIDUAL
0 .829  
0 .664  
0 .5 0 4  
0 .349  
0 .103  
- 0 . 0 5 0  
- 0 . 0 2 8  
- 0 . 0 0 4  
- 0 . 1 2 8  
- 0 . 0 6 9  
0 .004  
0 .012  
- 0 .010  
- 0 . 0 6 2  
- 0 . 1 8 5  
- 0 . 2 3 4  
- 0 . 2 6 2  
- 0 .2 7 1  
- 0 . 2 6 2  
- 0 . 2 8 1
0 .97
1 .14  
1 .30  
1.45  
1.80
2 .15  
2 .63  
3 .10  
3 .43
4 .07  
4 .80  
5 .29  
5.61  
5 .96  
6 .28  
6.53  
6.76
7 .07  
7 .36  
7 .5 8
‘0 . 770E-01 1 /s  
>0.318 mg/L
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
a»
pAS SUPERFACIAL VELOCITY 88 2 6 .0  cm/s
l i q u i d  s u p e r f a c i a l  v e l o c i t y  = 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER8* 0 . 5  cm
i n i t i a l  oxygen c o n c e n t r a t io n  » 1 .4  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .30 0 .8 4
4 .0 0 1 .60 1 .44
6 .00 1 .80 1 .88
8 .0 0 2 .1 0 2 .29
12.00 3 .8 0 3 .7 2
16 .00 5 .00 4 .87
2 0 .00 5 .40 5 .35
2 4 .00 5 .80 5 .79
3 0 .00 6 .30 6 .34
3 6 .00 6 .50 6 .61
4 8 .00 6 .80 7 .00
64 .00 7 .3 0 7 .5 2
99 .00 7 .9 0 8 .11
154.00 8 .4 0 8 .5 6
194 .00 8 .6 0 8 .7 4
Kja =0 .171  1 /s
standard d e v i a t i o n  =0 .1 8 8  mg/L
RESIDUAL
0 .4 6 4
0 .159
- 0 . 0 8 1
- 0 . 1 9 3
0 .07 7
0 .1 2 6
0 .05 3
0 .007
- 0 . 0 4 1
- 0 . 1 0 8
- 0 . 1 9 6
- 0 . 2 1 6
- 0 . 2 0 8
- 0 . 1 6 3
- 0 . 1 3 9
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s
l i q u i d  s u p e r f a c i a l  v e l o c i t y  *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 5  cm
i n i t i a l  oxygen c o n c e n t r a t i o n  *  1 .0  mg/L
K1
Y C( EXPERIMENTAL) C( PREDH
2 . 0 0 1 .3 0 0 .9 5
4 .0 0 1 .50 1 .57
6 .00 1 .9 0 2 .1 2
8 .0 0 3 .0 0 2 . 9 8
1 2 .0 0 5 . 1 0 4 . 9 0
16 .00 5 . 8 0 5 .6 6
2 0 .0 0 6 . 3 0 6 .22
3 0 .0 0 6 .9 0 6 .95
3 6 .0 0 7 .2 0 7 .2 9
4 2 .0 0 7 .5 0 7 .6 1
4 8 .0 0 7 .6 0 7 .7 4
7 4 .0 0 8 .2 0 8 .3 5
114 .00 8 .4 0 8 .5 6
154 .00 8 .4 0 8 .57
194.00 8 .4 0 8 .57
a
andard
* 0 . 2 0 8  
DEVIATION * 0 . 1 6 6
1 /s
mg/L
RESIDUAL
0 .3 5 4
- 0 . 0 7 2
- 0 . 2 1 5
0 .0 1 6
0 . 2 0 1
0 .1 3 6
0 .0 8 0
- 0 . 0 5 0
- 0 . 0 9 0
- 0 . 1 0 7
- 0 . 1 3 9
- 0 . 1 5 2
- 0 . 1 6 0
- 0 . 1 6 5
- 0 . 1 6 6
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 1 2 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm
INIT IAL OXYGEN CONCENTRATION *  1 .3  mg/L
K1
Y C(EXPERIMENTAL) C( PREDIi
2 .0 0 1 .90 1 .08
4 .0 0 1 .90 1.25
6 .00 1 .90 1 .42
8 .00 1 .90 1 .58
12 .00 2 .2 0 2 .0 6
16.00 2 .9 0 2 .7 4
20 .00 3 .4 0 3 .2 6
2 4 .00 3 .8 0 3 .7 0
3 0 .00 3 .90 3 .9 4
4 2 .00 4 .1 0 4 .3 6
48 .00 4 .4 0 4 .6 8
64.00 5 .30 5 .56
8 4 .00 5 .8 0 6.11
114.00 6 .30 6 .65
154.00 6 .70 7 .07
174 .00 6 .90 7 .2 6
194.00 7 .10 7 .4 4
a * 0 . 1 1 1 1 /s
andard DEVIATION * 0 . 3 7 9 mg/L
RESIDUAL
0 .820
0 .64 6
0 .4 7 8
0 .3 1 6
0 .1 4 4
0 .16 3
0 .1 3 8
0 .1 0 4
- 0 . 0 3 9
- 0 . 2 5 7
- 0 . 2 7 8
- 0 . 2 5 6
- 0 . 3 1 0
- 0 . 3 5 1
- 0 . 3 6 8
- 0 . 3 5 6
- 0 . 3 3 6
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY = 2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 . 5  cm 
IN IT IAL OXYGEN CONCENTRATION *  0 .7  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .90 1 .1 8
4 .0 0 2 .0 0 1 .51
6 .00 2 .10 1 .81
8 .0 0 2 .5 0 2 .2 8
12 .00 3 .5 0 3 .2 9
16 .00 4 .2 0 4 .0 3
2 0 .0 0 4 .3 0 4 .2 7
2 4 .0 0 4 .5 0 4 .5 5
3 0 .00 4 .7 0 4 .87
4 2 .0 0 5 .0 0 5 .3 4
5 4 .00 5 .5 0 5 .8 8
7 4 .00 6 .00 6 .42
99 .00 6 .40 6 .83
134.00 6 .70 7 .1 3
174.00 7 .0 0 7 .39
194.00 7 .00 7 .39
=0 .165  1 /s
STANDARD DEVIATION * 0 . 3 7 6  mg/L
RESIDUAL
0 .7 2 3
0 .4 8 9
0 .2 8 9
0 .225
0 . 2 1 2
0 .1 6 8
0 .0 3 4
- 0 . 0 5 4
- 0 . 1 7 3
- 0 . 3 4 4
- 0 . 3 7 9
- 0 . 4 2 1
- 0 . 4 3 1
- 0 . 4 2 6
- 0 . 3 8 8
- 0 . 3 9 3
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THREE-PHASE FLUIDIZED BED
PLUG FLOW MODEL
?AS SUPERFACIAL VELOCITY 
LIQUID SUPERFACIAL VELOCITY > 
SOLID PHASE PARTICLE DIAMETER: 
i n i t i a l  OXYGEN CONCENTRATION »
4 3 .0  cm/s
12 .0  cm/s 
0 .5  cm 
1.3  mg/L
K1
Y C( EXPERIMENTAL) C(PREDICTED)
2 .00 1.60 1 .08
4 .00 2 .00 1 .74
6 .00 2 .40 2 .28
8 .00 3 .10 2 .98
12.00 4 .20 4 .10
16.00 4 .70 4 .70
24.00 5.30 5.45
36.00 5 .80 6.10
42.00 6.10 6.42
54.00 6.50 6.84
74.00 7 .00 7.33
99.00 7 .50 7 .78
134.00 7 .80 8.05
194.00 7 .90 8.14
a »0.255 1/s
andard DEVIATION “0 .280 mg/L
RESIDUAL
0.521
0 .264
0 .116
0 . 1 2 2
0 .099
0 .003
>0.152
•0.299
• 0 .315
• 0 .340
• 0 .331
• 0 .283
• 0 .251
• 0 .240
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Appendix D 
Subrout ines ADM and ZXXSQ
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//ABDUL JOB (G 0 6 0 ,A M 4 ) , ' NHAESI' ,CLASS=Z  
/ /  EXEC FORTVCLG
/ / f o r t . s y s i n  DD *
£ THIS PROGRAM CALULATES THE PARAMETERS OF THE AXIAL
X DISPERSION MODEL.
£ Y ( I ) =THE HEIGHT OF SAMPLING PORT FROM THE GRID IN CM.
£ Y( I ) -THE EXPERIMENTAL CONCENTRATION ALONG THE CENTER
£ LINE OF THE COLUMN IN mg/L.
£ VL -LIQUID SUPERFACIAL VELOCITY IN cm/s
c ZXSSQ IS A COMPUTER LIBRARY SUBROUTINE.
EXTERNAL ADM
INTEGER M,N , IXJAC,NSIG,MAXFN, IOPT, INFER, IER
REAL PARM(5). X( 5 ) , F ( 2 2 ) , X J A C ( 2 2 , 5 ) , X J T J ( 1 8 ) . W O R K ( 9 4 ) ,
* Y ( 2 2 ) , V ( 2 2 ) ,  EPS,DELTA,SSQ,C(22)
COMMON/ZXQ/Y, V 
READ(5,20)M,N, IXJAC  
FORMAT(31 2 )
V ,  READ(5,21)EPS,DELTA
FORMAT{ 2 F 4 .1 )
READ(5,22)NSIG,I0PT,MAXFN  
<2 FORMAT( 2 1 2 , 1 5 )
DO 88 1 = 1 , N 
READ( 5 , 2 3 )  X ( I )  
i l  FORMAT( F 1 0 .4 )
CONTINUE 
DO 1 1 = 1 , M 
9 READ( 5 , 2 )  V( I ) , Y( I )
f  FORMAT(G10.4,G20.4)
1 CONTINUE
e WRITE( 6 , 5 )
F0RMAT(33X, ‘ BUBBLE COLUMN')
7 WRITE(6 , 7 )
F O R M A T ( / ,30X , ‘ AXIAL DISPERSION MODEL')
READ(5,8)VG,YL,DP,C0  
FORMAT( 4G10. 2 )  
q WRITE(6 , 9 ) YG
F 0 R M A T ( / / / , 1 3 X , 'G A S  SUPERFACIAL VELOCITY = ' , F 5 . 1 , '  c m / s ' )
WRITE( 6 , 1 0 ) VL
4U F0RMAT(13X, 'LIQUID SUPERFACIAL VELOCITY » ' , F 5 . 1 , '  c m / s ' )
i ,  WRITE( 6 , 1 1 ) DP
1 F0RMAT(13X, ' SOLID PHASE PARTICLE DIAMETER-' , F 5 . 1 , '  cm')
1, WRITE( 6 , 1 2 )  CO
* FORMAT(13X,' IN IT IA L  OXYGEN CONCENTRATION - ' , F 5 . 1 , '  m g /L ' )
i ,  WRITE( 6 , 1 3 )
* FORMAT( / / / , 18X, ' Y ' , 6X , ' C( EXPERIMENTAL) ’ , 6X , ‘ C( PREDICTED ) ' ,
★5X 'RESIDUAL* / )
CALL ZXSSQ(ADM,M,N,NSIG,EPS,DELTA,MAXFN, IOPT,PARM, X , SSQ,
* F , XJAC, IXJAC, XJTJ , WORK,INFER,IER)
DO 15 1 = 1 , M 
C ( I ) = Y ( I ) - F ( I )
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WRITE( 6 , 1 4 )  V ( I ) , Y ( I ) , C ( I ) , F ( I )
F O R M A T ( 1 5 X , F 6 . 2 , 4 X , F 9 . 2 , 1 0 X , F 9 . 2 , 8 X , F 7 . 3 )
CONTINUE
E Y = ( V L ) / ( X ( 2 ) + X ( 4 ) )
U = ( 2 . * X ( 2 ) * E Y ) / ( V L ) - 1 .
0 = ( U * * 2 - 1 . ) * V L / ( 4 . * E Y )
A=VL*0
WRITE( 6 , 1 6 )  A
F O R M A T ( / / / , 1 3 X ,  'K l a  ■ ' ,G9 .3 , '  I / s ’ )
WRITE( 6 , 9 9 ) EY
FORMAT( 13X, 1Ey = ' ^ 5 . 1 , '  c m 2 / s ' )
S*SQRT(SSQ/(M-N))
WRITE(6 , 1 9 )  S
F0RMAT(13X,'STANDARD DEVIATION = ' , G 9 . 3 , '  m g /L ' )
STOP
END
SUBROUTINE ADM(X,M,N,F)
INTEGER M . N . I
REAL X ( N ) , F ( M ) , Y ( 2 2 ) , V ( 2 2 )
COMMON/ZXQ/Y, V 
0 1 * 9 . 8  
H = 200
DO 29 I = 1 , M
F ( I ) - ( Y ( I ) - ( 9 . 8 + X C l ) * ( E X P ( X ( 2 ) * V ( D )  ) +X( 3)  *  ( EXP ( X ( 4)  *  
* V ( I ) ) ) ) ) / ( Y ( D )
29 CONTINUE 
RETURN 
END
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
?AS SUPERFACIAL VELOCITY = 8 .0  cm/s
l i q u i d  s u p e r f a c i a l  v e l o c i t y  -  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .0  cm
INITIAL OXYGEN CONCENTRATION *  0 . 8  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0  2 .10  2 .32
4 .0 0  3 .4 0  3 .30
6 .00  4 .3 0  4 .12
8 .00  4 .8 0  4 .62
12 .00  5 .50  5 .35
16.00  5 .90  5 .81
20 .00  6 .10  6 .07
2 4 .00  6 .50  6 .49
3 6 .00  6 .80  6 .91
4 2 .0 0  7 .3 0  7 .39
4 8 .00  7 .6 0  7 .70
54 .00  7 .8 0  7 .90
7 4 .00  8 .10  8 .24
99 .00  8 .30  8 .45
134.00 8 .50  8 .64
174.00 8 .7 0  8 .70
- 0 . 2 0 5  1 /s
fy = 2 6 . 7  cm2/s
STANDARD DEVIATION =0 .148  mg/L
RESIDUAL
- 0 . 2 2 4
0 . 1 0 1
0 .185
0 .1 8 2
0 .1 4 8
0 .093
0 .029
0 . 0 1 1
- 0 . 1 1 4
- 0 . 0 9 5
- 0 . 0 9 6
- 0 . 1 0 3
- 0 . 1 3 6
- 0 . 1 5 0
- 0 . 1 4 4
- 0 . 0 0 2
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY = 2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY « 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 0  cm
IN IT IA L  OXYGEN CONCENTRATION = 0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 2 .5 0 2 . 5 4 - 0 . 0 4 4
4 . 0 0 3 . 0 0 3 .0 7 - 0 . 0 6 8
6 .0 0 4 . 0 0 3 . 9 4 0 .0 6 3
8 .0 0 4 .5 0 4 . 4 4 0 .0 5 6
12 .0 0 5 .8 0 5 .6 8 0 .1 1 6
16 .00 6 .2 0 6 .15 0 .0 5 4
2 0 .0 0 7 .0 0 6 .9 3 0 .0 7 3
2 4 .0 0 7 .2 0 7 .1 7 0 .0 2 6
3 0 .0 0 7 .4 0 7 .4 3 - 0 . 0 3 3
3 6 .0 0 7 . 6 0 7 .6 7 - 0 . 0 7 1
4 2 .0 0 7 .8 0 7 .8 9 - 0 . 0 9 2
5 4 .0 0 8 .0 0 8 .1 3 - 0 . 1 2 9
7 4 .0 0 8 .2 0 8 .3 6 - 0 . 1 5 6
8 4 .0 0 8 .4 0 8 .4 2 - 0 . 0 2 0
9 9 .0 0 8 .6 0 8 .7 3 - 0 . 1 2 7
114 .0 0 9 .0 0 9 . 0 8 - 0 . 0 8 2
154 .00 9 .3 0 9 .3 5 - 0 . 0 5 3
194 .00 9 .5 0 9 .5 0 0 . 0 0 0
a = 0 .269 1 /s
ty = 2 9 . 1  cm2/s
s »ANDARD DEVIATION = 0 . 917E-01 mg/L
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s 
LIQUID SUPERFACIAL VELOCITY 88 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER88 0 . 0  cm 
IN IT IA L  OXYGEN CONCENTRATION » 1 .1  mg/L
C(EXPERIMENTAL)
2 . 0 0
4 . 0 0
6 . 00  
8 . 0 0
1 2 . 0 0
1 6 .0 0
2 0 .0 0
2 4 .0 0
3 0 .0 0
3 6 .0 0
4 2 .0 0
5 4 .0 0
7 4 .0 0
8 4 .0 0
9 9 .0 0
134 .00
194 .0 0
3 . 0 0
3 .5 0  
4 . 8 0  
5 .4 0  
6 . 20
7 .0 0
7 . 5 0
8 .0 0  
8 .1 0
8 .5 0  
8 . 6 0  
8 . 7 0  
8 .9 0  
9 .1 0  
9 .3 0
9 . 5 0  
9 .6 0
C( PREDICTED) RESIDUAL
3 .0 1
3 . 5 8
4 . 7 2
5 .3 3
6 .17  
6 .97  
7 .4 9
7 .9 9  
8 .1 5  
8 .5 4  
8 . 6 6  
8 .7 9
8 .9 9
9 .1 7  
9 .3 5  
9 .5 3  
9 .6 0
> 0 . 0 1 0
>0.079
0 .0 7 5
0 .0 6 9
0 .0 2 9
0 .0 2 7
0 .0 0 9
0 .0 0 9
• 0 .0 4 7
• 0 . 0 4 3
• 0 .0 6 3  
•0 .089
• 0 .0 9 0  
•0 .071
• 0 .0 5 1
• 0 .0 3 1  
0 .0 0 0
* 0 . 3 9 6  1 /s
|y  *  3 0 . 6  cm2/s
STANDARD DEVIATION * 0 . 6 2 7 E - 0 1  mg/L
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
UQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER8* 0 .0  cm 
INITIAL OXYGEN CONCENTRATION -  0 .9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 1.10 1.04 0 .060
4 .00 1 .50 1 .56 - 0 .0 5 9
6.00 2 .10 2 .10 - 0 .0 0 3
8 .00 3 .30 3.09 0 .214
12.00 3 .40 3.42 - 0 .0 2 2
16.00 3 .70 3.85 - 0 . 1 4 8
20.00 5 .10 5.07 0 .034
24.00 7 .10 6 .88 0.222
30.00 7 .20 7.07 0.127
48.00 7 .30 7.37 - 0 .0 7 5
84.00 8 .20 8.32 - 0 .1 2 2
114.00 8 .80 8.89 - 0 . 0 8 8
174.00 9 .10 9.07 0.031
a *0 .287 1/sKl
88 39 .4 cm2/s
STANDARD DEVIATION * 0 .1 3 8  mg/L
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 .0  cm 
IN IT IA L  OXYGEN CONCENTRATION ** 0 .9  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .20 1 .27
4 .0 0 1 .85 1 .8 8
6 .00 2 .6 0 2 .55
8 .0 0 3 .2 0 3 .1 4
12 .00 5 .1 0 4 .87
16 .00 5 .5 0 5 .3 6
20 .0 0 5 .9 0 5 .82
2 4 .0 0 6 .20 6 .1 8
3 0 .0 0 6 .40 6 .4 6
36 .0 0 7 .1 0 7 .1 4
4 2 .0 0 7 .4 0 7 .47
4 8 .0 0 7 .5 0 7 .6 0
5 4 .00 7 .6 0 7 .73
64 .00 7 .7 0 7 .8 6
8 4 .00 7 .9 0 8 .09
9 9 .00 8 .20 8 .37
114.00 8 .35 8 .51
134.00 8 .5 0 8 .65
194.00 8 .7 0 8 .7 0
a * 0 . 3 3 7 1 /s
=* 4 0 .4 cm2/s
andard DEVIATION * 0 . 1 3 3 mg/L
RESIDUAL
- 0 . 0 6 9  
- 0 . 0 2 5  . 
0 .0 5 2  
0 .0 6 4  
0 .227  
0 .1 3 6  
0 .0 7 5  
0 .0 2 3  
- 0 . 0 6 4  
- 0 . 0 4 4  
- 0 . 0 6 6  
- 0 . 1 0 3  
- 0 . 1 2 9  
- 0 . 1 6 4  
- 0 . 1 9 0  
- 0 . 1 6 7  
- 0 . 1 5 8  
- 0 . 1 4 6  
0 .0 0 0
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BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY -  4 3 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm
IN IT IAL  OXYGEN CONCENTRATION » 1 .0  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 .0 0 2 .0 0 2 .11
4 .0 0 2 .8 0 2 .81
6 .00 3 .9 0 3 .7 6
8 .0 0 4 .2 0 4 .1 2
12.00 5 .6 0 5 .45
16 .00 5 .9 0 5 .83
2 0 .00 6 .30 6 .27
2 4 .00 6 .60 6 .61
3 0 .0 0 7 .0 0 7 .0 5
3 6 .0 0 7 .3 0 7 .3 8
4 2 .0 0 7 .7 0 7 .7 8
4 8 .0 0 7 .9 0 7 .99
5 4 .00 8 .1 0 8 .2 0
7 4 .00 8 .3 0 8 .4 3
9 9 .00 8 .6 0 8 .7 2
194 .00 8 .9 0 8 .90
RESIDUAL
- 0 . 1 1 3  
- 0 . 0 0 5  
0 .1 3 9  
0 .0 8 2  
0 .1 5 3  
0 .0 6 8  
0 .0 2 5  
- 0 . 0 1 3  
- 0 . 0 5 1  
- 0 . 0 8 0  
- 0 . 0 7 8  
- 0 . 0 9 1  
- 0 . 0 9 6  
- 0 . 1 3 1  
- 0 . 1 2 2  
0 .0 0 0
£ la  * 0 . 3 7 0  1 /s
Ly *  4 1 .1  cm2/s
STANDARD DEVIATION * 0 . 1 0 5  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY -  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 0  cm
IN IT IA L  OXYGEN CONCENTRATION *  0 .9  mg/L
K1
Ey
Y C(EXPERIMENTAL) C(PREDICTED)
6 .00 2 .0 0 2 .0 5
8 .00 2 .5 0 2 .5 2
12.00 3 .50 3 .47
16.00 4 .5 0 4 .4 2
2 0 .00 5 .00 4 . 9 6
2 4 .00 5 .5 0 5 .4 8
3 0 .00 6 .50 6 .44
3 6 .0 0 7 .2 0 7 .13
4 8 .0 0 7 .4 0 7 .4 4
64 .00 7 .5 0 7 .63
9 9 .00 7 .90 8 .0 8
114.00 8 .3 0 8 .45
134 .00 8 .4 0 8 .55
154 .00 8 .6 0 8 .73
174.00 8 .6 0 8 .73
194 .00 8 .7 0 8 .70
a *0 .2 1 1 1 /s
*  6 6 .4 cm2/s
andard DEVIATION * 0 . 1 1 3 mg/L
RESIDUAL
>0.046
• 0 .0 2 0
0 .0 3 2
0 .0 8 3
0 .0 4 3
0 .0 2 5
0 .0 6 0
0 .0 6 5
•0.037
•0.133
•0.184
■0.147
• 0 .149
• 0 .1 3 0
• 0 .1 3 3  
0 .001
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
AXIAL DISPERSION MODEL
?AS SUPERFACIAL VELOCITY *  26 .0  cm/s
l i q u i d  s u p e r f a c ia l  v e l o c i t y  -  12.0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm 
INITIAL OXYGEN CONCENTRATION » 1.1 mg/L
Y C( EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 2 .80 2.91 - 0 .1 1 2
4 .00 3 .00 3.12 - 0 .1 1 9
6.00 3 .80 3.75 0.054
8.00 4 .10 4.03 0 .068
12.00 4 .70 4 .60 0.096
16.00 5.00 4.93 0 .070
20.00 5 .50 5.41 0 .087
24.00 5 .90 5.81 0.091
30.00 6.30 6.23 0 .074
36.00 6.60 6.55 0 .053
42.00 6.90 6 .86 0.039
48.00 7 .00 6.99 0.005
64.00 7.20 7.27 - 0 .0 6 9
84.00 7 .50 7 .61 -0 .1 1 3
99.00 7 .70 7 .83 - 0 .1 3 0
114.00 8 .00 8.12 -0 .1 2 1
134.00 8 .30 8.41 - 0 .1 1 2
154.00 8 .50 8.61 -0 .1 0 7
174.00 8.70 8.79 - 0 . 0 9 4
194.00 8 .90 8 .90 0.001
a *0 .2 4 4 1/s
* 59.9  cm2/s 
STANDARD DEVIATION *0 .988E-01  mg/L
Reproduced with permission of the
copyright owner. Further reproduction
p roh ib ited  w ithou t permission.
BUBBLE COLUMN
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY -  4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER- 0 . 0  cm 
IN IT IA L  OXYGEN CONCENTRATION -  1 .0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0  1 .8 0  2 .0 0
4 . 0 0  2 . 5 0  2 .5 2
6 .0 0  3 . 3 0  3 . 1 8
8 .0 0  4 . 1 0  3 .8 9
1 2 .0 0  4 . 7 0  4 . 5 2
1 6 .0 0  5 .0 0  4 .8 9
2 0 .0 0  5 . 5 0  5 .4 0
2 4 .0 0  5 . 9 0  5 .8 2
3 0 .0 0  6 .2 0  6 .17
3 6 .0 0  6 .5 0  6 .51
4 8 .0 0  6 .7 0  6 .81
5 4 .0 0  7 . 0 0  7 .1 1
6 4 .0 0  7 . 3 0  7 .4 3
7 4 .0 0  7 . 6 0  7 .7 3
8 4 .0 0  8 . 0 0  8 .1 1
9 9 .0 0  8 .2 0  8 .3 2
134 .0 0  8 .4 0  8 .5 3
154 .00  8 . 5 0  8 .6 3
194 .00  8 .8 0  8 .8 0
£ la  - 0 . 3 4 3  1 /s
Ly -  6 0 .9  cm2/s
STANDARD DEVIATION = 0 .1 3 5  mg/L
RESIDUAL
- 0 . 2 0 2
- 0 . 0 1 6
0 . 1 2 1
0 .2 1 0
0 . 1 7 6
0 .1 1 1
0 . 0 9 8
0 .0 8 0
0 .0 2 5
- 0 . 0 1 1
- 0 . 1 0 8
- 0 . 1 0 8
- 0 . 1 2 5
- 0 . 1 2 7
- 0 . 1 0 6
- 0 . 1 1 5
- 0 . 1 3 5
- 0 . 1 3 4
- 0 . 0 0 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY 3 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 . 3  cm
IN IT IA L  OXYGEN CONCENTRATION -  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 .50 1 .31 0 .1 9 2
6 .0 0 1 .5 0 1 .5 0 - 0 . 0 0 2
1 2 .00 1 .50 1 .7 8 - 0 . 2 8 1
2 0 .0 0 2 .2 0 2 .31 - 0 . 1 1 2
2 4 .0 0 2 .7 0 2 . 7 0 0 .0 0 1
3 0 .0 0 3 .2 0 3 .1 5 0 .0 4 5
3 6 .0 0 3 .9 0 3 .7 7 0 .1 3 0
4 2 .0 0 4 . 5 0 4 .3 3 0 . 1 7 4
5 4 .0 0 5 . 0 0 4 . 8 6 0 .1 3 7
6 4 .0 0 5 .4 0 5 .2 8 0 .1 1 7
7 4 .0 0 5 .5 0 5 .4 4 0 .0 5 7
8 4 .0 0 5 .8 0 5 .7 6 0 .0 4 0
9 9 .0 0 5 .9 0 5 .9 3 - 0 . 0 3 0
134 .0 0 6 .3 0 6 .4 2 - 0 . 1 1 9
174 .00 6 .5 0 6 .69 - 0 . 1 9 4
194 .00 6 .6 0 6 .60 0 .0 0 2
a 30 . 459E-01 1 /sK1
Ly « 2 3 .1  cm2/s
STANDARD DEVIATION 30 .149  mg/L
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY -  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY = 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
IN IT IA L  OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .70 1 .54
4 .0 0 1 .80 1 .88
6 .0 0 1 .90 2 .1 9
8 .0 0 3 .0 0 2 .97
1 2 .00 5 .50 5 .1 8
1 6 .00 6 .2 0 5 .9 2
2 4 .0 0 6 .5 0 6 .3 8
3 6 .0 0 6 .9 0 6 .92
4 2 .0 0 7 .1 0 7 .1 6
5 4 .0 0 7 .5 0 7 .6 0
7 4 .0 0 8 .1 0 8 .21
9 9 .0 0 8 .30 8 .4 4
134 .00 8 .5 0 8 .6 4
174 .00 8 .5 0 8 .65
194 .00 8 .5 0 8 .5 0
Kla = 0 .1 9 4  1 /s
Ey = 2 9 .5  cm2/s
STANDARD DEVIATION = 0 .1 9 0  mg/L
RESIDUAL
0 .1 6 3
- 0 . 0 8 3
- 0 . 2 8 6
0 .03 1
0 .3 1 9
0 .27 7
0 .1 2 3
- 0 . 0 1 8
- 0 . 0 5 9
- 0 . 1 0 1
- 0 . 1 1 0
- 0 . 1 3 8
- 0 . 1 3 9
- 0 . 1 4 7
0 . 0 0 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY ** 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 . 3  cm 
IN IT IA L  OXYGEN CONCENTRATION = 1 .3  mg/L
Y C(EXPERIMENTAL) C( PREDICTED) RESIDUAL
2 . 0 0  1 .7 0  1 .77  - 0 . 0 6 6
4 . 0 0  2 . 3 0  2 .3 9  - 0 . 0 8 8
6 .0 0  3 . 5 0  3 .3 9  0 .1 0 5
8 . 0 0  4 . 9 0  4 . 6 6  0 .2 4 3
1 2 .0 0  5 . 5 0  5 . 3 6  0 .1 4 3
1 6 .0 0  6 .0 0  5 .9 3  0 . 0 7 4
2 0 .0 0  6 .3 0  6 .29  0 .0 0 7
3 0 .0 0  6 . 6 0  6 .7 4  - 0 . 1 4 3
4 2 .0 0  7 . 3 0  7 . 4 6  - 0 . 1 6 3
5 4 .0 0  7 . 6 0  7 .7 9  - 0 . 1 8 9
7 4 .0 0  8 . 3 0  8 . 4 4  - 0 . 1 4 3
9 9 .0 0  8 .3 0  8 .4 7  - 0 . 1 6 9
134 .00  8 .4 0  8 . 5 6  - 0 . 1 6 4
1 74 .0 0  8 . 5 0  8 . 6 5  - 0 . 1 5 0
194 .00  8 . 5 0  8 . 5 0  0 .0 0 2
Kla
|y
STANDARD DEVIATION
**0.289 1 /s
** 3 0 .7  cm2/s
= 0 .1 6 2  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY 
LIQUID SUPERFACIAL VELOCITY 
SOLID PHASE PARTICLE DIAMETER5 
IN IT IA L  OXYGEN CONCENTRATION 5
8 .0  cm/s 
7 .5  cm/s 
0 . 3  cm 
1 .4  mg/L
Ey
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .50 1 .34
4 .0 0 1 .50 1 .42
6 .00 1 .50 1 .51
8 .0 0 1 .50 1 .59
16 .00 1 .7 0 1 .93
2 0 .0 0 2 .0 0 2 .1 6
2 4 .0 0 2 .5 0 2 .51
3 0 .0 0 2 .8 0 2 .8 2
36 .0 0 3 .3 0 3 .25
4 2 .0 0 4 .0 0 3 .8 6
4 8 .0 0 4 .5 0 4 .3 2
54 .0 0 4 .8 0 4 .6 3
6 4 .0 0 5 .0 0 4 . 8 8
7 4 .0 0 5 .2 0 5 .1 2
8 4 .0 0 5 .5 0 5 .43
114 .00 5 .9 0 5 .9 2
134 .0 0 6 .10 6 .17
154 .00 6 .30 6 .41
174 .00 6 .40 6 .55
194 .00 6 .60 6 .60
a *0 .590E-01 1 /s
3 2 6 .0 cm2/s
andard DEVIATION *0 .130 mg/L
RESIDUAL
0 .1 5 9  
0 .0 7 6  
• 0 . 0 0 6  
• 0 . 0 8 6  
•0 .232  
•0 .158  
•0 .013  
•0 .016  
0 .04 7  
0 .1 4 3  
0 .1 7 7  
0 .1 7 4  
0 .1 2 4  
0 .08 5  
0 .0 7 0
• 0 .0 2 4
• 0 .0 7 4  
• 0 . 1 1 0
• 0 .1 5 1  
0 . 0 0 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
%
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY = 2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
IN IT IA L  OXYGEN CONCENTRATION = 1 .4  mg/L
Y C( EXPERIMENTAL) C( PREDICTED)
2 .0 0  1 .7 0  1 .55
4 . 0 0  1 .8 0  1 .85
6 .0 0  1 .9 0  2 .11
8 . 0 0  2 . 3 0  2 .47
1 2 .0 0  4 . 5 0  4 .2 6
1 6 .0 0  5 . 7 0  5 .4 1
2 0 .0 0  5 . 7 5  5 .5 6
2 4 .0 0  6 .0 0  5 .8 6
3 0 .0 0  6 .2 0  6 .15
4 2 .0 0  6 . 7 0  6 .7 4
5 4 .0 0  7 .0 0  7 .1 0
7 4 .0 0  7 .4 0  7 .5 6
9 9 .0 0  7 .7 0  7 .8 9
134 .0 0  8 .0 0  8 .1 9
174 .00  8 .3 0  8 .47
1 9 4 .0 0  8 . 3 0  8 .4 9
£ la  = 0 .23 0  1 /s
| y  = 3 9 . 9  cm2/s
STANDARD DEVIATION = 0 .19 1  mg/L
RESIDUAL
0 .1 5 0
- 0 . 0 4 5
- 0 . 2 0 8
- 0 . 1 6 9
0 .2 4 2
0 .2 8 7
0 .1 9 2
0 .1 3 8
0 .0 5 5
- 0 . 0 3 7
- 0 . 1 0 5
- 0 . 1 6 1
- 0 . 1 9 3
- 0 . 1 9 5
- 0 . 1 6 8
- 0 . 1 9 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 3  cm
IN IT IA L  OXYGEN CONCENTRATION -  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0  1 .9 0  1 .9 4
4 . 0 0  2 .2 0  2 . 3 8
6 .0 0  4 . 3 0  4 .0 3
8 . 0 0  4 . 3 0  4 .1 5
1 2 .0 0  5 . 4 0  5 .2 5
1 6 .0 0  5 . 8 0  5 .7 3
2 0 .0 0  6 .2 0  6 .17
3 0 .0 0  6 .7 0  6 .79
4 2 .0 0  7 . 3 0  7 .4 3
5 4 .0 0  7 . 6 0  7 .77
7 4 .0 0  7 . 9 0  8 .0 9
9 9 .0 0  8 .3 0  8 .4 6
134 .00  8 . 5 0  8 .6 5
174 .0 0  8 . 5 0  8 .6 5
194 .0 0  8 . 5 0  8 .5 0
Kla - 0 . 3 5 6  1 /s
Ey -  4 4 . 1  cm2/s
STANDARD DEVIATION - 0 . 1 6 9  mg/L
RESIDUAL
- 0 . 0 3 9
- 0 . 1 7 6
0 .2 6 7
0 . 1 4 6
0 .1 4 9
0 .0 7 3
0 .0 2 5
- 0 . 0 9 0
- 0 . 1 3 3
- 0 . 1 6 6
- 0 . 1 8 8
- 0 . 1 6 3
- 0 . 1 4 9
- 0 . 1 5 0
0 .0 0 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY » 8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 3  cm
IN IT IA L  OXYGEN CONCENTRATION -  1 .4  mg/L
C(EXPERIMENTAL)
2 . 0 0
4 . 0 0
6 . 00  
8 . 0 0
1 2 . 0 0
1 6 .00
2 4 .0 0
3 6 .0 0
4 2 .0 0
5 4 .0 0
6 4 .0 0
7 4 .0 0
8 4 .0 0
9 9 .0 0
134 .0 0
154 .0 0
174 .00
194 .00
1 .6 0
1 .60
1 .60
1 .6 0
2 . 0 0
2 . 20
2 .5 0  
3 .1 0
3 .2 0
3 . 5 0  
3 .9 0
4 . 5 0  
4 . 7 0  
4 .8 0
5 .6 0  
6 . 0 0
6 . 20
6 .6 0
C(PREDICTED) RESIDUAL
1 .5 4
1 .6 0
1 .65  
1 .71  
1 .97  
2 . 1 6  
2 .4 8  
3 .0 4  
3 . 1 8  
3 .5 2  
3 .9 0  
4 .4 4
4 . 6 6  
4 .8 3  
5 .6 3  
6 .03  
6 .2 6  
6 .60
0 .0 6 1  
0 .0 0 5  
• 0 .0 5 1  
0 .1 0 7  
0 .0 2 7  
0 . 0 3 8  
0 . 0 2 2  
0 .0 6 0  
0 . 0 2 0  
•0 .018  
0 . 0 0 1  
0 . 0 6 4  
0 .0 4 1  
•0 .026  
•0 .032  
■0.033 
•0 .059  
0 .0 0 0
Kla
l ySTANDARD d e v i a t i o n
= 0 . 675E-01 1 /s  
■ 5 6 .1  cm2/s 
* 0 . 813E-01 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm 
IN IT IA L  OXYGEN CONCENTRATION *  1 .4  mg/L
K1
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 .7 5 1 .7 9
4 .0 0 1 .9 0 1 .9 8
6 .0 0 2 .0 0 2 .1 3
8 .0 0 2 .5 0 2 .4 9
12 .0 0 3 .6 0 3 .4 0
16 .0 0 4 .4 0 4 . 1 4
2 0 .0 0 4 . 5 0 4 .3 0
3 0 .0 0 4 . 8 0 4 . 7 2
4 2 .0 0 5 .3 0 5 .3 0
5 4 .0 0 5 .8 0 5 .8 3
7 4 .0 0 6 .4 0 6 .4 8
9 9 .0 0 6 .90 7 .0 3
134 .0 0 7 .4 0 7 .5 6
174 .0 0 7 . 6 0 7 . 8 0
194 .00 7 .8 0 7 .8 0
a * 0 . 1 8 2 1 /s
-  5 8 .0 cm2/s
andard DEVIATION * 0 . 1 5 5 mg/L
RESIDUAL
■0.042 
■0.077 
■0.132 
0 . 0 1 0  
0 . 2 0 1  
0 .2 5 9  
0 .1 9 6  
0 .0 7 6  
0 .0 0 5  
■ 0 . 0 3 2  
■0.082 
•0 .128  
■0.158  
•0 .196  
0 .0 0 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  4 3 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .3  cm 
IN IT IAL  OXYGEN CONCENTRATION *  1 .0  mg/L
C(EXPERIMENTAL)
2 . 0 0
4 .00
6 . 0 0  
8 . 00
1 2 . 0 0
16.00
20 .00
24 .00
3 0 .00
4 2 .00
54 .00
7 4 .00
99 .00
134.00
174.00
194 .00
1 .80
1 .90
2 .30  
2 .80
3 .5 0  
4 .00  
4 .10
4 .5 0  
4 .8 0
5 .40
5 .90
6 .40
6 .90
7 .3 0
7 .50
7 .50
C(PREDICTED) RESIDUAL
1 .88
2 .04
2 .33
2 .72
3 .35
3 .84
4 .0 0
4 .4 0
4 .74
5 .3 8
5 .92
6 .48
7 .03
7 .47
7 .71
7 .50
- 0 . 0 7 8
- 0 . 1 3 5
- 0 . 0 3 0
0 .080
0 .152
0 .16 4
0 .099
0 .105
0 .06 4
0 .015
- 0 . 0 1 9
- 0 . 0 8 4
- 0 . 1 2 9
- 0 . 1 7 4
- 0 . 2 1 0
0 . 0 0 1
Kla
Ey
STANDARD DEVIATION
* 0 . 2 3 0  1 /s
*  5 9 .0  cm2/s
* 0 . 1 3 1  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY = 8.0 cm/s
LIQUID SUPERFACIAL VELOCITY » 5.0 cm/s
SOLID PHASE PARTICLE DIAMETER- 0.5 cm 
INITIAL OXYGEN CONCENTRATION = 1.2 mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.50 1.27 0.227
4.00 1.60 1.41 0.185
6.00 1.60 1.50 0.097
8.00 1.60 1.59 0.010
12.00 1.60 1.76 -0.160
20.00 1.60 2.08 -0.483
24.00 1.90 2.28 -0.379
30.00 3.00 2.99 0.009
36.00 4.10 3.91 0.193
42.00 5.50 5.16 0.340
48.00 5.60 5.30 ’ 0.298
54.00 5.80 5.53 0.272
74.00 6.30 6.11 0.193
99.00 6.90 6.77 0.133
134.00 7.30 7.25 0.047
174.00 7.60 7.62 -0.022
194.00 7.80 7.80 0.005
KU -0.437E-01 1/s
|y -  23.1 cm2/s
STANDARD DEVIATION =0.259 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY = 2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY « 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 .5  cm
IN IT IAL  OXYGEN CONCENTRATION ® 0 .7  mg/L
C(EXPERIMENTAL)
2 .0 0
4 .0 0
6 .00  
8 .00
1 2 . 0 0
16.00
20 .00
24.00
30 .00
42 .00
54.00
7 4 .00
99.00
134 .00
174.00
194.00
1 .70
1 .90
1.90
1.90
2 .70  
4 .6 0
4 .90
5 .10
5 .40
5 .90  
6.20
6 .40  
6 .80
7 .10
7 .30
7 .30
C(PREDICTED) RESIDUAL
1.64  
1.88  
2.01  
2.13  
2 .74
4 .30
4 .64  
4 .89  
5 .24  
5.82  
6 .20  
6.52  
6 .98  
7 .34  
7 .56
7 .30
0 .058
0 .023
- 0 . 1 0 7
- 0 . 2 3 3
- 0 . 0 3 6
0 .299
0 .259
0 .214
0 .161
0 .078
0 .001
- 0 . 1 2 0
- 0 . 1 8 0
- 0 . 2 3 6
- 0 . 2 6 4
0 .003
Kla ®0. 850E-01 1 /s
Ey *  24 .5  cm2/s
STANDARD DEVIATION =0.200  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm
IN IT IA L  OXYGEN CONCENTRATION » 1 .2  mg/L
C{EXPERIMENTAL)
2 . 0 0
4 . 0 0
6 .00  
8 .0 0
1 2 . 0 0
1 6 .0 0
2 0 .0 0
2 4 .0 0
3 0 .0 0
4 2 .0 0
5 4 .0 0
7 4 .0 0
9 9 .0 0
134 .00
194 .0 0
1 .60
1 .7 0  
2 .0 0  
2 .6 0
4 . 7 0  
4 .9 0  
6 . 20  
6 .6 0
6 .7 0  
7 .4 0
7 .8 0  
8 .3 0  
8 .6 0
8 .8 0  
8 .8 0
C(PREDICTED) RESIDUAL
1 .42  
1 .80  
2 .20  
2 .71  
4 .5 0  
4 .8 3  
6 .04  
6 .4 8  
6 .6 8
7 .43  
7 .87  
8 .39  
8 .7 0  
8 .9 0  
8 .8 0
0 .1 8 4
- 0 . 0 9 9
- 0 . 1 9 6
- 0 . 1 0 9
0 .1 9 9
0 .0 7 4
0 .1 5 9
0 . 1 2 1
0 .0 2 4
- 0 . 0 3 2
- 0 . 0 7 3
- 0 . 0 9 4
- 0 . 1 0 4
- 0 . 1 0 3
0 .0 0 0
K la
STANDARD DEVIATION
* 0 . 2 0 2  1 /s
*  2 6 .5  cm2/s
* 0 . 1 4 0  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 5  cm
IN IT IA L  OXYGEN CONCENTRATION *  1 .0  mg/L
Ey
Y C(EXPERIMENTAL) C( PREDICTED)
2 . 0 0 1 .8 0 1 .6 2
4 . 0 0 1 .8 0 1 .71
6 .0 0 1 .8 0 1 .7 9
8 .0 0 1 .8 0 1 .87
1 2 .0 0 1 .9 0 2 .0 7
1 6 .0 0 2 .1 0 2 .2 9
2 0 .0 0 2 .6 0 2 .6 7
2 4 .0 0 3 .1 0 3 . 0 8
3 0 .0 0 3 .3 0 3 .3 3
3 6 .0 0 4 .0 0 3 . 9 4
4 2 .0 0 4 . 8 0 4 .6 5
4 8 .0 0 5 .3 0 5 .1 3
5 4 .0 0 5 .6 0 5 .4 4
6 4 .0 0 5 .9 0 5 .7 7
8 4 .0 0 6 .1 0 6 .07
9 9 .0 0 6 .3 0 6 .3 2
114 .00 6 .50 6 .5 6
1 3 4 .0 0 6 .8 0 6 .89
154 .00 7 .1 0 7 .2 0
194 .00 7 .3 0 7 .3 0
a = 0 . 733E-01 1/S
andard
= 3 4 . 7 cm2/ s
DEVIATION =0 .122 mg/L
RESIDUAL
0 .1 7 9
0 .0 9 3
0 .0 0 9
■0.074
■0.170
■0.191
•0.065
0 .0 2 3
•0.030
0 .0 6 3
0 .1 5 0
0 .1 7 1
0 .1 6 3
0 .1 2 8
0 .0 2 6
■0.023
•0.059
•0 .086
•0 .098
0 . 0 0 2
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY = 7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm
IN IT IA L  OXYGEN CONCENTRATION -  1 . 4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 .3 0 1 .15
4 . 0 0 1 .60 1 .5 8
6 .0 0 1 .8 0 1 .91
8 .0 0 2 .1 0 2 .2 5
1 2 .0 0 3 . 8 0 3 .6 3
1 6 .0 0 5 . 0 0 4 .7 7
2 0 .0 0 5 .4 0 5 .2 3
2 4 .0 0 5 .8 0 5 . 6 6
3 0 .0 0 6 .30 6 .21
3 6 .0 0 6 .5 0 6 .47
4 8 .0 0 6 .8 0 6 .87
6 4 .0 0 7 .3 0 7 .4 2
9 9 .0 0 7 .9 0 8 . 0 6
154 .0 0 8 .4 0 8 .5 5
194 .0 0 8 . 6 0 8 . 5 8
RESIDUAL
0 .1 4 5
0 .0 2 0
- 0 . 1 1 2
- 0 . 1 4 8
0 . 1 6 6
0 .2 3 1
0 .1 7 5
0 .1 3 7
0 . 0 9 2
0 . 0 2 6
- 0 . 0 7 2
- 0 . 1 2 0
- 0 . 1 6 0
- 0 . 1 5 0
0 . 0 1 6
Kla
Ey
STANDARD d e v i a t i o n
= 0 .2 3 1  1 /s
= 3 8 . 1  cm2/s
= 0 .1 5 5  mg/L
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY * 43.0 cm/s
LIQUID SUPERFACIAL VELOCITY -  7.5 cm/s
SOLID PHASE PARTICLE DIAMETER® 0.5 cm
INITIAL OXYGEN CONCENTRATION » 1.0 mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.30 1.14
4.00 1.50 1.65
6.00 1.90 2.12
8.00 3.00 2.96
12.00 5.10 4.85
16.00 5.80 5.61
20.00 6.30 6.16
30.00 6.90 6.89
36.00 7.20 7.23
42.00 7.50 7.55
48.00 7.60 7.69
74.00 8.20 8.33
114.00 8.40 8.55
154.00 8.40 8.56
194.00 8.40 8.40
Kla
Ey
STANDARD d ev ia ti on
*0.346 1/s
= 42.0 cm2/s
*0.164 mg/L
RESIDUAL
0.162
-0.152
- 0 . 2 2 1
0.044
0.246
0.192
0.141
0.015
-0.029
-0.053
-0.090
-0.127
-0.152
-0.163
0.000
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER® 0 . 5  cm 
IN IT IA L  OXYGEN CONCENTRATION *  1 .3  mg/L
Y
2 . 0 0
4 .0 0
6 .0 0  
8 .0 0
12 .00
16 .00
2 0 .0 0
2 4 .0 0
3 0 .0 0
4 2 .0 0
4 8 .0 0
6 4 .00
8 4 .0 0
114 .00
154 .00
174 .00
194 .00
Kl a
Ey
STANDARD
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C(EXPERIMENTAL) C{PREDICTED)
1 .90  1 .83
1 .9 0  1 .90
1 .9 0  1 .97
1 .90  2 .0 4
2 .2 0  2 .30
2 .9 0  2 .8 2
3 .4 0  3 .2 6
3 . 8 0  3 .6 3
3 .9 0  3 .79
4 . 1 0  4 .1 0
4 . 4 0  4 .3 9
5 .3 0  5 .2 6
5 .8 0  5 .8 0
6 .3 0  6 .37
6 .7 0  6 .83
6 .90  7 .01
7 .1 0  7 .07
* 0 . 870E-01 1 /s  
* 5 8 . 0  cm2/s
DEVIATION * 0 . 1 0 6  mg/L
RESIDUAL
0 .0 7 0
0 . 0 0 2
0 .0 7 2
0 .1 4 1
0 . 1 0 2
0 .0 7 8
0 .1 4 4
0 .1 7 3
0 .1 0 9
0 . 0 0 2
0 .00 5
0 .0 4 3
0 . 0 0 2
0 .0 6 6
0 .1 2 7
0 .1 1 4
0 .0 2 6
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm 
IN IT IA L  OXYGEN CONCENTRATION *  0 .7  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0  1 .9 0  1 .9 8  - 0 . 0 7 8
4 .0 0  2 .0 0  2 .11  - 0 . 1 1 0
6 .0 0  2 .1 0  2 .2 4  - 0 . 1 3 7
8 .0 0  2 .5 0  2 .5 2  - 0 . 0 2 1
1 2 .00  3 .5 0  3 .3 2  0 .1 8 0
1 6 .0 0  4 . 2 0  3 .9 6  0 .2 4 4
2 0 .0 0  4 .3 0  4 .11  0 .1 9 4
2 4 .0 0  4 . 5 0  4 .3 3  0 .1 6 8
3 0 .0 0  4 . 7 0  4 . 5 8  0 .1 2 0
4 2 .0 0  5 .0 0  4 .9 7  0 .0 3 0
54 .0 0  5 .5 0  5 .4 9  0 .0 0 5
7 4 .0 0  6 .0 0  6 .0 6  - 0 . 0 5 7
9 9 .0 0  6 .4 0  6 .52  - 0 . 1 2 3
1 34 .0 0  6 .7 0  6 .90  - 0 . 1 9 9
1 74 .0 0  7 .0 0  7 .2 4  - 0 . 2 3 6
1 94 .0 0  7 .0 0  7 .01  - 0 . 0 0 5
Kla
Ey
STANDARD DEVIATION
* 0 . 1 1 8  1 /s
*  5 8 .0  cm2/s
* 0 . 1 6 4  mg/L
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THREE-PHASE FLUIDIZED BED
AXIAL DISPERSION MODEL
GAS SUPERFACIAL VELOCITY *  4 3 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY » 12 .0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm 
IN IT IA L  OXYGEN CONCENTRATION -  1 .3  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .0 0 1 .60 1.71
4 .0 0 2 .00 2 .05
6 .00 2 .40 2 .41
8 .00 3 .10 2 .98
12 .00 4 .2 0 3 .98
16.00 4 .7 0 4 .51
24 .00 5 .30 5 .20
36 .00 5 .80 5 .81
4 2 .00 6 .10 6 .14
54 .00 6 .50 6 .59
74 .00 7 .00 7 .15
9 9 .00 7 .50 7 .67
134 .00 7 .80 7 .99
194 .00 7 .90 7 .90
a * 0 .2 3 2 1 /s
RESIDUAL
- 0 . 1 0 9
- 0 . 0 5 3
- 0 . 0 0 9
0 . 1 2 1
0 .215
0 .187
0 .105
- 0 .012
- 0 . 0 3 9
- 0 . 0 9 4
- 0 .1 4 7
- 0 . 1 6 7
- 0 . 1 9 2
0 .000
Ey » 60 .0
STANDARD DEVIATION * 0 . 1 4 8
cm2/s
mg/L
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Appendix E 
Subro u t ines  TZM and ZXXSQ
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//ABDUL JOB (G060,AM4) , 1NHAESI1,CLASS=Z 
/ /  EXEC FORTVCLG
//FORT.SYSIN DD *
C THIS PROGRAM CALULATES THE PARAMETERS OF THE TWO ZONE MODEL
C Y( I )=THE HEIGHT OF SAMPLING PORT FROM THE GRID IN CM.
J Y( I )=THE EXPERIMENTAL CONCENTRATION ALONG THE CENTER
5 LINE OF THE COLUMN IN mg/L.
c YL “ LIQUID SUPERFACIAL VELOCITY IN cm/s
c ZXSSQ IS A COMPUTER LIBRARY SUBROUTINE.
EXTERNAL TZM
INTEGER M,N, IXJAC, NSIG,MAXFN , IOPT,INFER,IER
REAL P A R M (2 ) ,X (2 ) . F ( 2 2 ) , XJAC( 2 2 , 2 ) ,XJTJ(20).WORK( 9 4 ) ,
* Y ( 2 2 ) , V ( 2 2 ) . EPS,DELTA,SSQ,C(22)
COMMON/ZXQ/Y.V 
M= 16 
N = 2
IXJAC=16
EP S=0.0
DELTA=0 .0
MAXFN=1000
NSIG*3
I0PT»1
X(1 )=  0 .003
X(2 )=0  .0032
DO I  1 = 1 , M
READ( 5 , 2 )  V( I ) , Y( I )
2 FORMAT(G10.4,G20.4)
1 CONTINUE
READ(5,8)VG,VL,DP,C0
8 FORMAT( 4G10.2 )
c WRITE( 6 , 5 )
5 F0RMAT(29X,'THREE-PHASE FLUID I ZED BED')
,  WRITE( 6 , 7 )
7 F0RMAT( / ,33X , ’ TWO-ZONE MODEL')
Q WRITE(6 ,9 ) YG
9 FORMAT(/ / / ,13X, 'GAS SUPERFACIAL VELOCITY = ' , F 5 . 1 , '  c m /s ' )
WRITE( 6 , 1 0 ) VL
10 F0RMAT(13X,'LIQUID SUPERFACIAL VELOCITY » ' , F 5 . 1 , '  c m /s ' )
WRITE(6 , 1 1 )DP
F0RMAT(13X,'SOLID PHASE PARTICLE DIAMETER=' , F 5 . 1 , '  cm')
WRITE( 6 ,1 2 )  CO
12 F0RMAT(13X,' IN IT IA L  OXYGEN CONCENTRATION « ' , F 5 . 1 , '  mg/L ' )
WRITE( 6 , 1 3 )
13 FORMAT( / / / , 1 3 X , ' Y ' , 6X, ' C( EXPERIMENTAL) ' , 6X, ' C( PREDICTED) ' ,
*5X 'RESIDUAL' / )
CALL ZXSSQ(TZM,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,X,SSQ,
*F,XJAC,IXJAC,XJTJ,WORK,INFER,IER)
DO 15 1 = 1 , M 
C ( I ) = Y ( I ) - F ( I )
WRITE( 6 , 1 4 )  V ( I ) , Y ( I ) , C ( I ) , F ( I )
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1J F 0 R M A T ( 1 0 X , F 6 . 2 , 4 X , F 9 . 2 , 1 0 X , F 9 . 2 , 8 X , F 7 . 3 )
15 CONTINUE 
A * X ( 1 ) *VL 
G*X(2 )  *VL 
WRITE(6,16)A
16 FORMAT( / / / ,  13X, 'K la  IN THE GRID ZONE*' ,G9 . 3 ,  ' I / s ' )
WRITE(6 ,17  )G
17 F0RMAT(13X, 'Kla  IN THE BULK ZONE*' ,G 9 .3 , ' I / s ’ )
S=SQRT(SSQ/(M-N))
WRITE( 6 , 1 9 )  S
19 F0RMAT(13X,'STANDARD DEVIATION * ' , 6 9 . 3 , '  m g /L ' )
STOP
END
SUBROUTINE TZM(X,M,N,F)
INTEGER M, N , I
REAL X( N) , F ( M ) , Y ( 2 2 ) , V { 2 2 )
COMMON/ZXQ/Y, V 
DO 291 = 1 , M 
Cl = 9 .8  
C 0 * 1 . 0  
B = 4 2 .0
I F ( I . G T .  9 ) GO TO 17
F ( I ) = ( Y ( I ) - C 1 + ( C 1 - C Q ) * E X P ( - X ( 1 ) * V ( I ) ) ) / Y ( I )
GO TO 29
17 F( I ) *  ( Y ( I ) - ( C l - ( C l - C Q ) * E X P ( ( X ( 2 ) - X ( l ) ) * B - X ( 2 ) * V ( I ) ) )  ) / Y ( I )  
29 CONTINUE
WRITE(6 ,4 4 4 )  X( 1 ) . X( 2)
444 FORMAT (6 X .4 G 2 0 .5 )
RETURN
END
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .0  cm
INIT IAL OXYGEN CONCENTRATION = 0 .8  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 2 .10 2 .08 0 .016
4 .00 3 .40 3.21 0.187
6 .00 4 .30 4 .09 0 .210
8 .00 4 .80 4 .63 0 .172
12.00 5 .50 5 .40 0 .095
16.00 5 .90 5 .88 0 .016
20.00 6.10 6.16 - 0 . 0 6 5
24.00 6.50 6.59 - 0 .0 8 7
36 .00 6.80 7.01 - 0 . 2 1 3
42 .00 7 .30 7 .48 - 0 . 1 8 2
48.00 7 .60 7 .73 - 0 . 1 3 4
54.00 7 .80 7 .90 - 0 . 1 0 4
74.00 8 .10 8 .16 - 0 .0 5 9
99.00 8.30 8.33 - 0 . 0 2 8
134.00 8.50 8 .50 0 .004
174.00 8 .70 8 .66 0 .036
Kla IN THE GRID ZONE-0.278 1/s
Kla IN THE BULK ZONE-O.201E-01 1/s
STANDARD DEVIATION - 0 . 1 3 2  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  26 .0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .0  cm
INITIAL OXYGEN CONCENTRATION -  0 .9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 2.50 2.24
4 .00 3.00 2.93
6.00 4 .00 3 .90
8 .00 4 .50 4 .46
12.00 5.80 5.75
16.00 6.20 6.24
20.00 7.00 7.03
24.00 7 .20 7 .28
30.00 7.40 7.53
36.00 7.60 7.80
42.00 7.80 7.97
54.00 8.00 8.14
74.00 8.20 8.31
84.00 9.40 9.37
99.00 8 .60 8 .66
114.00 9 .00 9 .01
154.00 9.30 9 .28
194.00 9.50 9 .46
RESIDUAL
0.260
0 .075
0.101
0.041
0 .048
•0.042
•0.028
•0.079
-0.135
- 0 . 2 0 2
-0.171
-0.141
-0.113
0.029
-0.061
-0.014
0 . 0 2 0
0.041
Kla IN THE GRID Z0NE-0.290 1 /s
Kla IN THE BULK ZONE-O. 1 17E-01 1/s  
STANDARD DEVIATION - 0 .1 0 1  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  4 3 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm
IN IT IA L  OXYGEN CONCENTRATION *  1 .1  mg/L
C(EXPERIMENTAL)
2 . 00
4 .0 0
6 .00  
8 . 00
12.00
16.00
20 .00
24 .00
3 0 .00
3 6 .0 0
4 2 .0 0
5 4 .00
74 .00
84 .00
9 9 .00
134 .00
194 .00
3 .00
3 .50  
4 .80  
5 .40  
6 .20
7 .0 0
7 .5 0
8 . 0 0  
8 . 1 0
8 .50  
8 .60  
8 .7 0  
8 .9 0  
9 .1 0  
9 .30
9 .5 0  
9 .6 0
C(PREDICTED) RESIDUAL
2 .7 4
3 .47
4 .72
5 .37
6 .26
7 .07  
7 .59
8 .0 8  
8 .22  
8 .62  
8 .71  
8 .80  
8 .97  
9 .14  
9 .3 2  
9 .49  
9 .5 8
0 .263
0 .0 2 8
0 .082
0 .027
- 0 . 0 5 9
- 0 . 0 7 2
- 0 . 0 8 9
- 0 . 0 8 0
- 0 . 1 2 4
- 0 . 1 2 4
- 0 . 1 1 0
- 0 . 0 9 6
- 0 . 0 7 0
- 0 . 0 4 5
- 0 . 0 2 1
0 .005
0 .024
Kla IN THE GRID Z0NE*0.417 1 /s
Kla IN THE BULK Z0NE=0. 179E-01 1 /s  
STANDARD DEVIATION * 0 . 1 0 3  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm
INIT IAL OXYGEN CONCENTRATION * 0 .9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 1 .10 1.29 - 0 . 1 8 6
4 .00 1.50 1.69 - 0 .1 8 7
6 .00 2.10 2 .16 - 0 . 0 6 2
8 .00 3 .30 3 .10 0 .196
12.00 3 .40 3 .41 - 0 .0 1 0
16.00 3 .70 3 .82 - 0 .1 1 5
20.00 5 .10 5 .03 0 .070
24.00 7 .10 6.85 0 .254
30.00 7 .20 7 .03 0 .165
48.00 7 .30 7 .30 - 0 .0 0 1
84 .00 8 .20 8 .20 0.001
114.00 8 .80 8.79 0 .014
174.00 9 .10 9 .12 - 0 .0 1 7
Kla IN THE GRID Z0NE*0.216 1 /s
Kla IN THE BULK Z0NE*0.908E-01 1 /s  
STANDARD DEVIATION * 0 .1 4 2  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  2 6 .0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm
IN IT IA L  OXYGEN CONCENTRATION = 0 .9  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 .0 0 1.20 1.39
4 .0 0 1 .85 1.93
6 .00 2 .60 2 .58
8 .00 3 .20 3 .15
12.00 5 .10 4 .8 8
16.00 5 .50 5 .36
20.00 5 .90 5 .82
24 .00 6 .20 6.17
30 .00 6 .40 6.45
36 .00 7 .1 0 7 .19
4 2 .00 7 .40 7 .46
48 .0 0 7 .50 7 .55
54 .0 0 7 .60 7 .6 4
64.00 7 .70 7 .73
84 .00 7 .90 7 .92
99 .00 8 .20 8 .20
114.00 8 .35 8 .34
134 .00 8 .50 8 .49
194.00 8 .70 8 .70
RESIDUAL
- 0 . 1 8 7
- 0 . 0 8 5
0 . 0 2 0
0 .047
0 .224
0 .1 3 8
0 .082
0 .031
- 0 . 0 5 3
- 0 . 0 9 4
- 0 . 0 5 6
- 0 . 0 4 8
- 0 . 0 3 9
- 0 . 0 3 5
- 0 . 0 2 5
0 .001
0 .009
0 .014
0 .004
Kla IN THE GRID Z0NE*0.270 1 /s
Kla IN THE BULK Z0NE*0. 274E-01 1 /s  
STANDARD DEVIATION *0 .9 1 7 E - 0 1  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s  
LIQUID SUPERFACIAL VELOCITY » 7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER*8 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION 88 1 . 0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 2 . 0 0 1 . 8 5
4 . 0 0 2 . 8 0 2 . 7 0
6 . 0 0 3 . 9 0 3 . 7 3
8 . 0 0 4 . 2 0 4 . 1 3
1 2 . 0 0 5 . 6 0 5 . 5 0
1 6 . 0 0 5 . 9 0 5 . 9 0
2 0 . 0 0 6 . 3 0 6 . 3 6
2 4 . 0 0 6 . 6 0 6 . 7 0
3 0 . 0 0 7 . 0 0 7 . 1 3
3 6 . 0 0 7 . 3 0 7 . 5 1
4 2 . 0 0 7 . 7 0 7 . 8 4
4 8 . 0 0 7 . 9 0 8 . 0 2
5 4 . 0 0 8 . 1 0 8 . 1 9
7 4 . 0 0 8 . 3 0 8 . 3 6
9 9 . 0 0 8 . 6 0 8 . 6 2
1 9 4 . 0 0 8 . 9 0 8 . 8 8
Kla  IN THE GRID Z 0 N E * 0 . 3 7 5  1 / s
K la  IN THE BULK Z 0 N E * 0 . 5 0 7 E - 0 2  1 / s  
STANDARD DEVIATION * 0 . 1 1 9  mg/L
RESIDUAL
0 . 1 5 0  
0 . 1 0 4  
0 . 1 7 0  
0 . 0 7 3  
0 . 1 0 5  
- 0 . 0 0 4  
- 0 . 0 5 7  
- 0 . 0 9 9  
- 0 . 1 3 5  
- 0 . 2 0 8  
- 0 . 1 4 5  
- 0 . 1 1 5  
- 0 . 0 8 7  
- 0 . 0 5 9  
- 0 . 0 2 0  
0 . 0 2 2
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY ■ 8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 1 2 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 0  cm
I N I T I A L  OXYGEN CONCENTRATION » 0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 3 0 1 . 3 0 0 . 0 0 3
4 . 0 0 1 . 5 0 1 . 6 8 - 0 . 1 7 7
6 . 0 0 2 . 0 0 2 . 1 0 - 0 . 1 0 4
8 . 0 0 2 . 5 0 2 . 5 5 - 0 . 0 5 1
1 2 . 0 0 3 . 5 0 3 . 4 7 0 . 0 2 9
1 6 . 0 0 4 . 5 0 4 . 4 1 0 . 0 9 2
2 0 . 0 0 5 . 0 0 4 . 9 4 0 . 0 6 1
2 4 . 0 0 5 . 5 0 5 . 4 5 0 . 0 4 6
3 0 . 0 0 6 . 5 0 6 . 4 2 0 . 0 8 3
3 6 . 0 0 7 . 2 0 7 . 1 7 0 . 0 3 4
4 8 . 0 0 7 . 4 0 7 . 3 7 0 . 0 3 0
6 4 . 0 0 7 . 5 0 7 . 4 9 0 . 0 0 7
9 9 . 0 0 7 . 9 0 7 . 9 1 - 0 . 0 0 7
1 1 4 . 0 0 8 . 3 0 8 . 2 8 0 . 0 2 0
1 3 4 . 0 0 8 . 4 0 8 . 3 9 0 . 0 0 6
1 5 4 . 0 0 8 . 6 0 8 . 5 9 0 . 0 0 8
1 7 4 . 0 0 8 . 6 0 8 . 6 1 - 0 . 0 1 1
1 9 4 . 0 0 8 . 7 0 8 . 7 2 - 0 . 0 1 6
a IN THE GRID ZONE-O.3 4 0 1 / s
K la  IN THE BULK ZONE-O. 8 2 4 E -0 1  1 / s  
STANDARD DEVIATION - 0 . 6 6 2 E - 0 1  mg/L
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BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY ** 2 6 . 0  cm/s  
LIQUID SUPERFACIAL VELOCITY -  1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER** 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION *= 1 . 1  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 2 . 8 0 2 . 3 4 0 . 4 6 2
4 . 0 0 3 . 0 0 2 . 7 2 0 . 2 8 1
6 . 0 0 3 . 8 0 3 . 5 3 0 . 2 7 5
8 . 0 0 4 . 1 0 3 . 9 1 0 . 1 9 3
1 2 . 0 0 4 . 7 0 4 . 6 1 0 . 0 8 8
1 6 . 0 0 5 . 0 0 5 . 0 2 - 0 . 0 2 4
2 0 . 0 0 5 . 5 0 5 . 5 6 - 0 . 0 5 9
2 4 . 0 0 5 . 9 0 5 . 9 9 - 0 . 0 8 9
3 0 . 0 0 6 . 3 0 6 . 4 4 - 0 . 1 3 6
3 6 . 0 0 6 . 6 0 6 . 8 4 - 0 . 2 3 8
4 2 . 0 0 6 . 9 0 7 . 0 9 - 0 . 1 8 6
4 8 . 0 0 7 . 0 0 7 . 1 7 - 0 . 1 7 0
6 4 . 0 0 7 . 2 0 7 . 3 4 - 0 . 1 4 0
8 4 . 0 0 7 . 5 0 7 . 6 0 - 0 . 0 9 8
9 9 . 0 0 7 . 7 0 7 . 7 7 - 0 . 0 7 2
1 1 4 . 0 0 8 . 0 0 8 . 0 3 - 0 . 0 3 5
1 3 4 . 0 0 8 . 3 0 8 . 3 0 0 . 0 0 0
1 5 4 . 0 0 8 . 5 0 8 . 4 8 0 . 0 2 0
1 7 4 . 0 0 8 . 7 0 8 . 6 6 0 . 0 4 0
1 9 4 . 0 0 8 . 9 0 8 . 8 4 0 . 0 5 9
a IN THE GRID Z0NEa 0 .4 4 0 1 /S
K la  IN THE BULK Z 0 N E * 0 . 10 2E -0 1  1 / s  
STANDARD DEVIATION * 0 . 1 8 3  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  4 3 . 0  cm/s  
LIQUID SUPERFACIAL VELOCITY *  1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION *  1 . 0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 8 0 1 . 6 2
4 . 0 0 2 . 5 0 2 . 3 4
6 . 0 0 3 . 3 0 3 . 1 1
8 . 0 0 4 . 1 0 3 . 8 8
1 2 . 0 0 4 . 7 0 4 . 5 8
1 6 . 0 0 5 . 0 0 4 . 9 9
2 0 . 0 0 5 . 5 0 5 . 5 3
2 4 . 0 0 5 . 9 0 5 . 9 6
3 0 . 0 0 6 . 2 0 6 . 3 3
3 6 . 0 0 6 . 5 0 6 . 7 3
4 8 . 0 0 6 . 7 0 6 . 9 0
5 4 . 0 0 7 . 0 0 7 . 1 5
6 4 . 0 0 7 . 3 0 7 . 4 1
7 4 . 0 0 7 . 6 0 7 . 6 7
8 4 . 0 0 8 . 0 0 8 . 0 2
9 9 . 0 0 8 . 2 0 8 . 2 0
1 3 4 . 0 0 8 . 4 0 8 . 3 9
1 5 4 . 0 0 8 . 5 0 8 . 4 8
1 9 4 . 0 0 8 . 8 0 8 . 7 6
RESIDUAL
0 . 1 8 3
0 . 1 6 3
0 . 1 9 2
0 .220
0 . 1 1 8
0 . 0 0 8
- 0 . 0 2 8
- 0 . 0 5 9
- 0 . 1 2 7
- 0 . 2 3 3
- 0 . 2 0 2
- 0 . 1 5 3
- 0 . 1 0 9
- 0 . 0 6 9
- 0 . 0 1 9
0 .001
0 . 0 1 4
0 . 0 1 9
0 . 0 4 2
K l a  IN THE GRID Z 0 N E * 0 . 4 6 5  1 / s
K la  IN THE BULK Z0NE»0. 2 0 3 E -0 1  1 / s  
STANDARD DEVIATION - 0 . 1 3 7  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION *  1 . 4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 5 0 1 . 4 6 0 . 0 4 3
6 . 0 0 1 . 5 0 1 . 6 3 - 0 . 1 3 2
1 2 . 0 0 1 . 5 0 1 . 8 8 - 0 . 3 8 5
2 0 . 0 0 2 . 2 0 2 . 3 6 - 0 . 1 6 2
2 4 . 0 0 2 . 7 0 2 . 7 3 - 0 . 0 3 1
3 0 . 0 0 3 . 2 0 3 . 1 7 0 . 0 2 8
3 6 . 0 0 3 . 9 0 3 . 7 8 0 . 1 2 2
4 2 . 0 0 4 . 5 0 4 . 3 3 0 . 1 7 3
5 4 . 0 0 5 . 0 0 4 . 8 6 0 . 1 4 4
6 4 . 0 0 5 . 4 0 5 . 2 3 0 . 1 6 6
7 4 . 0 0 5 . 5 0 5 . 3 8 0 . 1 2 2
8 4 . 0 0 5 . 8 0 5 . 6 8 0 . 1 1 6
9 9 . 0 0 5 . 9 0 5 . 8 4 0 . 0 6 0
1 3 4 . 0 0 6 . 3 0 6 . 3 1 - 0 . 0 1 3
1 7 4 . 0 0 6 . 5 0 6 . 6 0 - 0 . 0 9 9
1 9 4 . 0 0 6 . 6 0 6 . 7 3 - 0 . 1 3 0
a IN THE GRID Z 0 N E * 0 . 3 4 0 E - 0 1 1 /S
K l a  IN THE BULK Z 0 N E * 0 . 3 5 0 E - 0 1  1 / s  
STANDARD DEVIATION * 0 . 1 5 7  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION *  1 . 4  mg/L
Y C( EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 7 0 1 . 7 4 - 0 . 0 3 5
4 . 0 0 1 . 8 0 2 . 0 2 - 0 . 2 1 9
6 . 0 0 1 . 9 0 2 . 2 7 - 0 . 3 7 2
8 . 0 0 3 . 0 0 ' 3 . 0 0 0 . 0 0 2
1 2 . 0 0 5 . 5 0 5 . 1 7 0 . 3 2 5
1 6 . 0 0 6 . 2 0 5 . 9 0 0 . 2 9 8
2 4 . 0 0 6 . 5 0 6 . 3 4 0 . 1 6 3
3 6 . 0 0 6 . 9 0 6 . 8 7 0 . 0 3 2
4 2 . 0 0 7 . 1 0 7 . 1 1 - 0 . 0 0 8
5 4 . 0 0 7 . 5 0 7 . 4 8 0 . 0 1 8
7 4 . 0 0 8 . 1 0 8 . 0 5 0 . 0 5 3
9 9 . 0 0 8 . 3 0 8 . 2 6 0 . 0 3 5
1 3 4 . 0 0 8 . 5 0 8 . 4 9 0 . 0 1 3
1 7 4 . 0 0 8 . 5 0 8 . 5 3 - 0 . 0 2 6
1 9 4 . 0 0 8 . 5 0 8 . 5 4 - 0 . 0 4 2
a IN THE GRID Z 0 N E * 0 . 1 2 6 1 / s
K la  IN THE BULK Z 0 N E * 0 . 4 0 1 E - 0 1  1 / s  
STANDARD DEVIATION * 0 . 1 7 9  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY 3 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION 3 1 . 3  mg/L
C(EXPERIMENTAL)
2 .00
4 . 0 0
6 . 0 0  
8 .00
1 2 . 0 0
1 6 . 0 0
2 0 . 0 0
3 0 . 0 0
4 2 . 0 0
5 4 . 0 0
7 4 . 0 0
9 9 . 0 0
1 3 4 . 0 0
1 7 4 . 0 0
1 9 4 . 0 0
1 . 7 0
2 . 3 0
3 . 5 0  
4 . 9 0
5 . 5 0  
6.00
6 . 3 0  
6 . 6 0
7 . 3 0  
7 . 6 0
8 . 3 0
8 . 3 0  
8 . 4 0
8 . 5 0
8 . 5 0
C(PREDICTED) RESIDUAL
1 . 6 5
2 . 2 5  
3 . 4 8  
4 . 8 5
5 . 9 0
6 . 2 5
6 . 5 0
6 . 9 0  
7 . 4 4  
7 . 7 0  
8 . 3 1  
8 . 4 1
8 . 5 0  
8 . 6 0  
8 . 6 3
0 . 0 5 2
0 . 0 5 3
0 .020
0 . 0 5 1
- 0 . 4 0 1
- 0 . 2 5 2
- 0 . 2 0 2
- 0 . 3 0 3
- 0 . 1 4 1
- 0 . 0 9 7
- 0 . 0 0 7
- 0.101
- 0 . 1 0 2
- 0 . 1 0 2
- 0 . 1 3 1
K la  IN THE GRID Z0NE30 . 2 0 9  1 / s
K la  IN THE BULK Z0NE3 0 . 2 6 0 E -0 2  1 / s  
STANDARD DEVIATION * 0 . 1 7 9  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY = 8 . 0  cm/s
L IQUID  SUPERFACIAL VELOCITY « 7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION -  1 . 4  mg/L
Y C{EXPERIMENTAL) C( PREDICTED) RESIDUAL
2 . 0 0 1 . 5 0 1 . 4 4 0 . 0 5 8
4 . 0 0 1 . 5 0 1 . 5 2 - 0 . 0 1 7
6 . 0 0 1 . 5 0 1 . 5 9 - 0 . 0 9 1
8 . 0 0 1 . 5 0 1 . 6 6 - 0 . 1 6 3
1 6 . 0 0 1 . 7 0 1 . 9 7 - 0 . 2 7 5
2 0 . 0 0 2 . 0 0 2 . 1 8 - 0 . 1 8 5
2 4 . 0 0 2 . 5 0 2 . 5 3 - 0 . 0 2 7
3 0 . 0 0 2 . 8 0 2 . 8 2 - 0 . 0 1 9
3 6 . 0 0 3 . 3 0 3 . 2 5 0 . 0 5 2
4 2 . 0 0 4 . 0 0 3 . 8 5 0 . 1 5 2
4 8 . 0 0 4 . 5 0 4 . 3 1 0 . 1 9 3
5 4 . 0 0 4 . 8 0 4 . 6 1 0 . 1 9 5
6 4 . 0 0 5 . 0 0 4 . 8 5 0 . 1 5 3
7 4 . 0 0 5 . 2 0 5 . 0 8 0 . 1 1 9
8 4 . 0 0 5 . 5 0 5 . 3 9 0 . 1 0 9
1 1 4 . 0 0 5 . 9 0 5 . 8 8 0 . 0 2 4
1 3 4 . 0 0 6 . 1 0 6 . 1 2 - 0 . 0 2 4
1 5 4 . 0 0 6 . 3 0 6 . 3 6 - 0 . 0 5 9
1 7 4 . 0 0 6 . 4 0 6 . 5 0 - 0 . 1 0 1
1 9 4 . 0 0 6 . 6 0 6 . 7 2 - 0 . 1 1 8
K l a  IN THE GRID Z 0 N E * 0 . 4 6 0 E - 0 1  1 / s  
K l a  IN THE BULK Z O N E -O .4 9 0 E -0 1  1 / s  
STANDARD DEVIATION « 0 . 1 3 5  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
L IQUID SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION » 1 . 4  mg/L
Y C( EXPERIMENTAL) C( PREDICTED) RESIDUAL
2 . 0 0 1 . 7 0 1 . 7 1 - 0 . 0 0 7
4 . 0 0 1 . 8 0 1 . 9 7 - 0 . 1 6 9
6 . 0 0 1 . 9 0 2 . 2 0 - 0 . 3 0 4
8 . 0 0 2 . 3 0 2 . 5 3 - 0 . 2 3 1
1 2 . 0 0 4 . 5 0 4 . 2 8 0 . 2 2 4
1 6 . 0 0 5 . 7 0 5 . 4 2 0 . 2 8 3
2 0 . 0 0 5 . 5 7 5 . 4 0 0 . 1 6 9
2 4 . 0 0 6 . 0 0 5 . 8 5 0 . 1 4 7
3 0 . 0 0 6 . 2 0 6 . 1 3 0 . 0 7 0
4 2 . 0 0 6 . 7 0 6 . 7 2 - 0 . 0 1 6
5 4 . 0 0 7 . 0 0 7 . 0 0 0 . 0 0 1
7 4 . 0 0 7 . 4 0 7 . 3 8 0 . 0 1 7
9 9 . 0 0 7 . 7 0 7 . 6 9 0 . 0 1 5
1 3 4 . 0 0 8 . 0 0 7 . 9 9 0 . 0 0 5
1 7 4 . 0 0 8 . 3 0 8 . 3 0 - 0 . 0 0 1
1 9 4 . 0 0 8 . 3 0 8 . 3 2 - 0 . 0 1 9
a IN THE GRID Z 0 N E * 0 . 1 7 0 1 / s
K l a  IN THE BULK Z 0 N E * 0 . 4 6 0 E - 0 1  1 / s  
STANDARD DEVIATION * 0 . 1 6 1  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUID I ZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 3  cm
I N I T I A L  OXYGEN CONCENTRATION -  1 . 4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 9 0 1 . 9 4
4 . 0 0 2 . 2 0 2 . 3 9
6 . 0 0 4 . 3 0 4 . 0 4
8 . 0 0 4 . 3 0 4 . 1 7
1 2 . 0 0 5 . 4 0 5 . 2 6
1 6 . 0 0 5 . 8 0 5 . 7 4
2 0 . 0 0 6 . 2 0 6 . 1 9
3 0 . 0 0 6 . 7 0 6 . 8 0
4 2 . 0 0 7 . 3 0 7 . 4 4
5 4 . 0 0 7 . 6 0 7 . 7 0
7 4 . 0 0 7 . 9 0 7 . 9 6
9 9 . 0 0 8 . 3 0 8 . 3 1
1 3 4 . 0 0 8 . 5 0 8 . 4 9
1 7 4 . 0 0 8 . 5 0 8 . 4 9
1 9 4 . 0 0 8 . 5 0 8 . 4 9
RESIDUAL
• 0 . 0 4 4  
• 0 . 1 8 8  
0 . 2 5 8  
0 . 1 3 4  
0 . 1 3 6  
0 . 0 5 9  
0 .012  
• 0 .102  
• 0 . 1 4 3  
• 0 . 0 9 8  
• 0 . 0 5 8  
• 0 . 0 0 9  
0 . 0 1 3  
0 .010  
0 . 0 0 9
K la  IN THE GRID ZON E-0 .27 4  1 / s
K la  IN THE BULK ZONE-O. 1 7 0E -0 1  1 / s  
STANDARD DEVIATION - 0 . 1 2 0  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY * 12.0 cm/s 
SOLID PHASE PARTICLE DIAMETER** 0 .3  cm 
INITIAL OXYGEN CONCENTRATION * 1.4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.60 1.48 0.120
4 .00 1.60 1.55 0.053
6.00 1.60 1.61 - 0 .0 1 3
8.00 1.60 1.68 - 0 . 0 7 8
12.00 2 .00 1.97 0.035
16.00 2 .20 2.17 0.032
24.00 2 .50 2.51 - 0 .0 0 5
36.00 3.10 3.09 0.015
42.00 3 .20 3 .23 -0 .0 3 4
54.00 3 .50 3.55 - 0 . 0 4 8
64.00 3 .90 3.91 - 0 .0 1 4
74.00 4 .50 4 .44 0.061
84.00 4 .70 4 .65 0.046
99 .00 4 .80 4.81 - 0 .0 1 1
134.00 5.60 5.60 - 0 .0 0 2
154.00 6.00 6.00 0.002
174.00 6.20 6.22 - 0 .0 2 2
194.00 6.60 6.61 - 0 . 0 0 8
Kla IN THE GRID Z0NE*0. 640E-01 1 /s  
Kla IN THE BULK Z0NE-0.610E-01 1/s  
STANDARD DEVIATION -0 .7 75 E-01  mg/L
Reproduced with permission of the copyright owner Furih
— P™ducio„prohj.baMiv#hou(pemssfon
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY 3 1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER3 0 . 3  cm 
I N I T I A L  OXYGEN CONCENTRATION 3 1 . 4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 7 5 1 . 6 8 0 . 0 7 2
4 . 0 0 1 . 9 0 1 . 9 2 - 0 . 0 1 9
6 . 0 0 2 . 0 0 2 . 1 2 - 0 . 1 1 8
8 . 0 0 2 . 5 0 2 . 5 1 - 0 . 0 1 0
1 2 . 0 0 3 . 6 0 3 . 4 5 0 . 1 4 7
1 6 . 0 0 4 . 4 0 4 . 2 1 0 . 1 8 8
2 0 . 0 0 4 . 5 0 4 . 4 0 0 . 1 0 2
3 0 . 0 0 4 . 8 0 4 . 8 5 - 0 . 0 5 4
4 2 . 0 0 5 . 3 0 5 . 4 4 - 0 . 1 4 1
5 4 . 0 0 5 . 8 0 5 . 8 7 - 0 . 0 7 4
7 4 . 0 0 6 . 4 0 6 . 4 2 - 0 . 0 1 7
9 9 . 0 0 6 . 9 0 6 . 8 9 0 . 0 0 9
1 3 4 . 0 0 7 . 4 0 7 . 3 8 0 . 0 2 2
1 7 4 . 0 0 7 . 6 0 7 . 6 0 - 0 . 0 0 3
1 9 4 . 0 0 7 . 8 0 7 . 8 0 0 . 0 0 0
a IN THE GRID Z0NE3 0 . 2 1 1 1 / s
K l a  IN THE BULK Z0NE3 0 . 5 7 0 E - 0 1  1 / s  
STANDARD DEVIATION 3 0 . 9 4 5 E - 0 1  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY -  1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER® 0 . 3  cm 
I N I T I A L  OXYGEN CONCENTRATION » 1 . 0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 8 0 1 . 7 1 0 . 0 9 3
4 . 0 0 1 . 9 0 1 . 9 3 - 0 . 0 2 7
6 . 0 0 2 . 3 0 2 . 2 8 0 . 0 1 8
8 . 0 0 2 . 8 0 2 . 7 1 0 . 0 8 8
1 2 . 0 0 3 . 5 0 3 . 3 9 0 .111
1 6 . 0 0 4 . 0 0 3 . 9 1 0 . 0 9 4
2 0 . 0 0 4 . 1 0 4 . 1 0 0 . 0 0 1
2 4 . 0 0 4 . 5 0 4 . 5 1 - 0 . 0 0 8
3 0 . 0 0 4 . 8 0 4 . 8 7 - 0 . 0 6 9
4 2 . 0 0 5 . 4 0 5 . 5 3 - 0 . 1 3 4
5 4 . 0 0 5 . 9 0 5 . 9 6 - 0 . 0 6 3
7 4 . 0 0 6 . 4 0 6 . 4 2 - 0 . 0 1 7
9 9 . 0 0 6 . 9 0 6 . 8 8 0 . 0 1 8
1 3 4 . 0 0 7 . 3 0 7 . 2 8 0 . 0 2 4
1 7 4 . 0 0 7 . 5 0 7 . 5 0 0 . 0 0 4
1 9 4 . 0 0 7 . 5 0 7 . 5 2 - 0 . 0 1 6
K l a  IN THE GRID Z 0 N E * 0 . 2 6 5  1 / s
K l a  IN THE BULK Z0NE®0. 2 8 0 E - 0 1  1 / s  
STANDARD DEVIATION * 0 . 6 9 1 E - 0 1  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER38 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION » 1 . 2  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 5 0 1 . 4 3
4 . 0 0 1 . 6 0 1 . 5 4
6 . 0 0 1 . 6 0 1 . 6 0
8 . 0 0 1 . 6 0 1 . 6 6
1 2 . 0 0 1 . 6 0 1 . 7 7
2 0 . 0 0 1 . 6 0 2 . 0 0
2 4 . 0 0 1 . 9 0 2 . 1 7
3 0 . 0 0 3 . 0 0 2 . 8 9
3 6 . 0 0 4 . 1 0 3 . 8 1
4 2 . 0 0 5 . 5 0 5 . 0 7
4 8 . 0 0 5 . 6 0 5 . 2 6
5 4 . 0 0 5 . 8 0 5 . 5 3
7 4 . 0 0 6 . 3 0 6 . 2 0
9 9 . 0 0 6 . 9 0 6 . 9 0
1 3 4 . 0 0 7 . 3 0 7 . 4 1
1 7 4 . 0 0 7 . 6 0 7 . 7 6
1 9 4 . 0 0 7 . 8 0 7 . 9 6
RESIDUAL
0 . 0 6 7
0 . 0 6 4
0 . 0 0 4
- 0 . 0 5 6
- 0 . 1 7 3
- 0 . 4 0 0
- 0 . 2 7 1
0 . 1 1 0
0 . 2 8 9
0 . 4 2 6
0 . 3 3 7
0 . 2 7 1
0 . 1 0 4
- 0 . 0 0 2
- 0 . 1 0 6
- 0 . 1 6 3
- 0 . 1 6 5
K l a  IN THE GRID Z0NE=0. 2 6 3 E - 0 1  1 / s  
K l a  IN THE BULK ZONE-O. 6 1 0 E -0 1  1 / s  
STANDARD DEVIATION =*0.233 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY « 2 6 . 0  cm/s  
LIQUID SUPERFACIAL VELOCITY « 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION » 0 . 7  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 7 0 1 . 6 5 0 . 0 5 1
4 . 0 0 1 . 9 0 1 . 9 1 - 0 . 0 0 8
6 . 0 0 1 . 9 0 2 . 0 6 - 0 . 1 6 0
8 . 0 0 1 . 9 0 2 . 2 1 - 0 . 3 0 8
1 2 . 0 0 2 . 7 0 2 . 8 2 - 0 . 1 1 6
1 6 . 0 0 4 . 6 0 4 . 3 6 0 . 2 3 8
2 0 . 0 0 4 . 9 0 4 . 7 1 0 . 1 9 2
2 4 . 0 0 5 . 1 0 4 . 9 6 0 . 1 4 1
3 0 . 0 0 5 . 4 0 5 . 3 2 0 . 0 8 2
4 2 . 0 0 5 . 9 0 5 . 9 1 - 0 . 0 0 6
5 4 . 0 0 6 . 2 0 6 . 1 8 0 . 0 1 8
7 4 . 0 0 6 . 4 0 6 . 3 9 0 . 0 1 0
9 9 . 0 0 6 . 8 0 6 . 7 7 0 . 0 2 6
1 3 4 . 0 0 7 . 1 0 7 . 0 8 0 . 0 1 7
1 7 4 . 0 0 7 . 3 0 7 . 3 1 - 0 . 0 0 6
1 9 4 . 0 0 7 . 3 0 7 . 3 3 - 0 . 0 2 8
a IN THE GRID ZON E-O.89 0E-0 1 1 / s
K l a  IN THE BULK ZONE-O. 1 7 2 E -0 1  1 / s  
STANDARD DEVIATION - 0 . 1 3 6  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s
L IQUID SUPERFACIAL VELOCITY *  5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION *  1 . 2  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 6 0 1 . 6 9
4 . 0 0 1 . 7 0 1 . 9 8
6 . 0 0 2 . 0 0 2 . 2 9
8 . 0 0 2 . 6 0 2 . 7 4
1 2 . 0 0 4 . 7 0 4 . 4 8
1 6 . 0 0 4 . 9 0 4 . 7 8
2 0 . 0 0 6 . 2 0 5 . 9 9
2 4 . 0 0 6 . 6 0 6 . 4 1
3 0 . 0 0 6 . 7 0 6 . 6 0
4 2 . 0 0 7 . 4 0 7 . 3 6
5 4 . 0 0 7 . 8 0 7 . 7 6
7 4 . 0 0 8 . 3 0 8 . 2 6
9 9 . 0 0 8 . 6 0 8 . 5 8
1 3 4 . 0 0 8 . 8 0 8 . 8 1
1 9 4 . 0 0 8 . 8 0 8 . 8 6
RESIDUAL
■0.094  
- 0 . 2 8 0  
- 0 . 2 9 0  
■0.140  
0 . 2 2 0  
0 . 1 2 2  
0 . 2 1 5  
0 . 1 8 5  
0 . 0 9 8  
0 . 0 4 2  
0 . 0 4 4  
0 . 0 4 1  
0 . 0 1 8  
• 0 . 0 1 3  
■ 0 . 0 6 5
K l a  IN THE GRID Z 0 N E * 0 . 1 4 2  1 / s
K l a  IN THE BULK Z 0N E * *0 .5 60 E -01  1 / s  
STANDARD DEVIATION * 0 . 1 6 5  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  8 . 0  cm/s
L IQUID SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 . 5  cm
I N I T I A L  OXYGEN CONCENTRATION 3 1 . 0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 8 0 1 . 6 1 0 . 1 8 6
4 . 0 0 1 . 8 0 1 . 7 0 0 . 0 9 6
6 . 0 0 1 . 8 0 1 . 7 9 0 . 0 0 8
8 . 0 0 1 . 8 0 1 . 8 8 - 0 . 0 7 8
1 2 . 0 0 1 . 9 0 2 . 0 8 - 0 . 1 8 0
1 6 . 0 0 2 . 1 0 2 . 3 1 - 0 . 2 0 6
2 0 . 0 0 2 . 6 0 2 . 6 8 - 0 . 0 8 1
2 4 . 0 0 3 . 1 0 3 . 0 9 0 . 0 0 6
3 0 . 0 0 3 . 3 0 3 . 3 5 - 0 . 0 4 9
3 6 . 0 0 4 . 0 0 3 . 9 7 0 . 0 2 6
4 2 . 0 0 4 . 8 0 4 . 6 7 0 . 1 3 2
4 8 . 0 0 5 . 3 0 5 . 1 3 0 . 1 6 6
5 4 . 0 0 5 . 6 0 5 . 4 3 0 . 1 6 7
6 4 . 0 0 5 . 9 0 5 . 7 6 0 . 1 4 4
8 4 . 0 0 6 . 1 0 6 . 0 4 0 . 0 6 1
9 9 . 0 0 6 . 3 0 6 . 2 8 0 . 0 2 0
1 1 4 . 0 0 6 . 5 0 6 . 5 1 - 0 . 0 1 1
1 3 4 . 0 0 6 . 8 0 6 . 8 3 - 0 . 0 3 5
1 5 4 . 0 0 7 . 1 0 7 . 1 5 - 0 . 0 4 7
1 9 4 . 0 0 7 . 3 0 7 . 4 0 - 0 . 1 0 4
K l a  IN THE GRID Z 0 N E = 0 . 5 3 0 E - 0 1  1 / s  
K l a  IN THE BULK Z0NE3 0 . 6 2 0 E - 0 1  1 / s  
STANDARD DEVIATION 3 0 . 1 1 7  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
L IQ UID  SUPERFACIAL VELOCITY -  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 . 5  cm
I N I T I A L  OXYGEN CONCENTRATION » 1 . 4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 3 0 1 . 5 7 - 0 . 2 7 4
4 . 0 0 1 . 6 0 1 . 8 5 - 0 . 2 4 8
6 . 0 0 1 . 8 0 2 . 0 9 - 0 . 2 9 1
8 . 0 0 2 . 1 0 2 . 3 6 - 0 . 2 5 6
1 2 . 0 0 3 . 8 0 3 . 6 5 0 . 1 5 2
1 6 . 0 0 5 . 0 0 4 . 7 5 0 . 2 4 7
2 0 . 0 0 5 . 4 0 5 . 1 9 0 . 2 1 1
2 4 . 0 0 5 . 8 0 5 . 6 1 0 . 1 8 8
3 0 . 0 0 6 . 3 0 6 . 1 5 0 . 1 5 5
3 6 . 0 0 6 . 5 0 6 . 4 5 0 . 0 5 4
4 8 . 0 0 6 . 8 0 6 . 7 6 0 . 0 4 2
6 4 . 0 0 7 . 3 0 7 . 2 5 0 . 0 4 9
9 9 . 0 0 7 . 9 0 7 . 8 7 0 . 0 2 5
1 5 4 . 0 0 8 . 4 0 8 . 4 1 - 0 . 0 1 2
1 9 4 . 0 0 8 . 6 0 8 . 6 3 - 0 . 0 3 3
K l a  IN THE GRID Z 0 N E = 0 .1 7 9  1 / s
K l a  IN THE BULK Z0NE= 0 . 6 2 0 E - 0 1  1 / s  
STANDARD DEVIATION = 0 . 1 9 3  mg/L
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 4 3 . 0  cm/s
L IQ UID  SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm
I N I T I A L  OXYGEN CONCENTRATION » 1 . 0  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 3 0 1 . 6 3
4 . 0 0 1 . 5 0 1 . 9 3
6 . 0 0 1 . 9 0 2 . 2 3
8 . 0 0 3 . 0 0 2 . 9 7
1 2 . 0 0 5 . 1 0 4 . 8 0
1 6 . 0 0 5 . 8 0 5 . 5 2
2 0 . 0 0 6 . 3 0 6 . 0 5
3 0 . 0 0 6 . 9 0 6 . 7 6
3 6 . 0 0 7 . 2 0 7 . 1 0
4 2 . 0 0 7 . 5 0 7 . 4 3
4 8 . 0 0 7 . 6 0 7 . 5 3
7 4 . 0 0 8 . 2 0 8 . 1 2
1 1 4 . 0 0 8 . 4 0 8 . 3 7
1 5 4 . 0 0 8 . 4 0 8 . 4 2
1 9 4 . 0 0 8 . 4 0 8 . 4 6
RESIDUAL
- 0 . 3 3 1
- 0 . 4 2 6
- 0 . 3 3 0
0 . 0 3 5
0 . 2 9 8
0 . 2 7 7
0 . 2 4 7
0 . 1 4 4
0 .1 0 2
0 . 0 7 4
0 . 0 6 9
0 . 0 7 9
0 . 0 3 1
- 0 . 0 2 0
- 0 . 0 5 8
K l a  IN THE GRID Z O N E - 0 . 2 1 4  1 / s
K l a  IN THE BULK Z O N E -O .4 7 0 E -0 1  1 / s  
STANDARD DEVIATION - 0 . 2 2 9  mg/L
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY -  8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER8* 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION *  1 . 3  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 9 0 1 . 6 9
4 . 0 0 1 . 9 0 1 . 7 9
6 . 0 0 1 . 9 0 1 . 8 9
8 . 0 0 1 . 9 0 1 . 9 9
1 2 . 0 0 2 . 2 0 2 . 3 0
1 6 . 0 0 2 . 9 0 2 . 8 5
2 0 . 0 0 3 . 4 0 3 . 3 1
2 4 . 0 0 3 . 8 0 3 . 6 9
3 0 . 0 0 3 . 9 0 3 . 8 8
4 2 . 0 0 4 . 1 0 4 . 2 2
4 8 . 0 0 4 . 4 0 4 . 4 8
6 4 . 0 0 5 . 3 0 5 . 2 7
8 4 . 0 0 5 . 8 0 5 . 7 6
1 1 4 . 0 0 6 . 3 0 6 . 2 7
1 5 4 . 0 0 6 . 7 0 6 . 7 1
1 7 4 . 0 0 6 . 9 0 6 . 9 2
1 9 4 . 0 0 7 . 1 0 7 . 1 2
RESIDUAL
0 .212
0 . 11 0
0 . 0 1 1
- 0 . 0 8 6
- 0 . 0 9 9
0 . 0 4 9
0 . 0 9 4
0 . 1 0 8
0 . 0 1 9
- 0 . 1 2 5
- 0 . 0 8 1
0 . 0 3 3
0 . 0 4 3
0 . 0 3 0
- 0 . 0 0 7
- 0 . 0 1 8
- 0 . 0 2 5
K l a  IN THE GRID Z 0 N E * 0 . 1 3 3  1 / s
K l a  IN THE BULK Z 0 N E = 0 .6 5 0 E -0 1  1 / s  
STANDARD DEVIATION * 0 . 1 0 7  mg/L
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY *  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER* 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION *  0 . 7  mg/L
Y C(EXPERIMENTAL)
2 . 0 0 1 . 9 0
4 . 0 0 2 . 0 0
6 . 0 0 2 . 1 0
8 . 0 0 2 . 5 0
1 2 . 0 0 3 . 5 0
1 6 . 0 0 4 . 2 0
2 0 . 0 0 4 . 3 0
2 4 . 0 0 4 . 5 0
3 0 . 0 0 4 . 7 0
4 2 . 0 0 5 . 0 0
5 4 . 0 0 5 . 5 0
7 4 . 0 0 6 . 0 0
9 9 . 0 0 6 . 4 0
1 3 4 . 0 0 6 . 7 0
1 7 4 . 0 0 7 . 0 0
1 9 4 . 0 0 7 . 0 0
K la  IN THE GRID Z 0 N E * 0 . 2 1 6  
K l a  IN THE BULK Z 0 N E * 0 . 2 8 0 E - 0 1  
STANDARD DEVIATION = 0 . 1 2 0
RESIDUAL
0 . 1 5 1
0 . 0 4 2
0 . 0 5 1
0 . 0 0 5
0 . 1 3 8
0 . 1 6 4
0 . 0 7 8
0 . 0 2 5
0 . 0 5 7
0 . 1 8 8
0 . 0 9 8
0 . 0 3 3
0 . 0 0 3
0.011
0 . 0 1 7
0 . 0 0 1
1 / s
1 / s
mg/L
C{PREDICTED)
1 . 7 5  
1 . 9 6  
2 . 1 5  
2 . 5 0  
3 . 3 6  
4 . 0 4  
4 . 2 2  
4 . 4 8
4 . 7 6  
5 . 1 9  
5 . 6 0  
6 . 0 3  
6 . 4 0  
6 . 6 9  
6 . 9 8  
7 . 0 0
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THREE-PHASE FLUIDIZED BED
TWO-ZONE MODEL
GAS SUPERFACIAL VELOCITY » 4 3 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY « 1 2 . 0  cm/s  
SOLID PHASE PARTICLE DIAMETER- 0 . 5  cm 
I N I T I A L  OXYGEN CONCENTRATION » 1 . 3  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 . 0 0 1 . 6 0 1 . 6 7 - 0 . 0 7 1
4 . 0 0 2 . 0 0 2 . 0 5 - 0 . 0 5 4
6 . 0 0 2 . 4 0 2 . 4 3 - 0 . 0 3 4
8 . 0 0 3 . 1 0 3 . 0 2 0 . 0 8 4
1 2 . 0 0 4 . 2 0 4 . 0 3 0 . 1 6 7
1 6 . 0 0 4 . 7 0 4 . 5 7 0 . 1 2 8
2 4 . 0 0 5 . 3 0 5 . 2 7 0 . 0 3 2
3 6 . 0 0 5 . 8 0 5 . 8 9 - 0 . 0 9 3
4 2 . 0 0 6 . 1 0 6 . 2 2 - 0 . 1 1 8
5 4 . 0 0 6 . 5 0 6 . 5 7 - 0 . 0 6 7
7 4 . 0 0 7 . 0 0 7 . 0 2 - 0 . 0 1 8
9 9 . 0 0 7 . 5 0 7 . 4 8 0 . 0 2 2
1 3 4 . 0 0 7 . 8 0 7 . 7 8 0 . 0 2 4
1 9 4 . 0 0 7 . 9 0 7 . 9 1 - 0 . 0 1 4
K la  IN THE GRID ZONE-0 .299  1 / s
K la  IN THE BULK ZONE-O.402E-01  1 / s  
STANDARD DEVIATION - 0 . 8 6 7 E - 0 1  mg/L
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Ap p e n d ix  F 
S u b r o u t i n e s  PM and ZXXSQ
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/ /ABDUL JOB ( G060, AM4) , 1NHAESI1 , CLASS3 Z 
/ /  EXEC FORTVCLG
/ /FORT.SYS IN  DD *
C THIS PROGRAM CALULATES THE PARAMETERS OF'THE PROPOSED MODEL.
C V ( I ) = T H E  HEIGHT OF SAMPLING PORT FROM THE GRID IN CM.
C Y ( I ) “ THE EXPERIMENTAL CONCENTRATION ALONG THE CENTER
C LINE OF THE COLUMN IN mg/L.
C YL “ LIQUID SUPERFACIAL VELOCITY IN cm/s
C X ( 1 ) “ CORESPONDS TO PARAMETER M IN THE PROPOSED MODEL.
C X(2)=C0RESP0NDS TO PARAMETER THETA IN THE PROPOSED MODEL.
C X(3)=C0RESPONDS TO PARAMETER MU IN THE PROPOSED MODEL.
C B “ SEPRATION BOUNDARY IN cm.
C CO “ OXYGEN I N I T I A L  CONCENTRATION IN mg/L
C Cl “ EQUILIBRIUM CONCENTRATION IN mg/L.
C H “ COLUMN HEIGHT IN cm.
C ZXSSQ IS A COMPUTER LIBRARY SUBROUTINE.
EXTERNAL PM
INTEGER M ,N , IX J A C ,N S IG ,M A X F N , IO P T , I N F E R , IE R
REAL PARM(5) , X ( 5 ) ,  F ( 2 2 ) ,  XJAC( 2 2 , 5 ) , XJTJ( 1 8 ) .WORK( 9 4 )  ,
* Y ( 2 2 ) ,  V ( 2 2 ) , EPS,DELTA,SSQ,C(22)
COMMON/ZXQ/Y, V 
READ( 5 , 2 0 ) M, N, IXJAC
20 FORMAT(3 1 2 )
READ(5,21)EPS,DELTA
21 FORMAT( 2 F 4 . 1 )
READ(5.22)NSIG, IOPT.MAXFN
22 FORMAT( 2 1 2 , 1 5 )
DO 88 I “ 1,N 
READ(5 , 2 3 )  X ( I )
23 FORMAT( F 1 0 . 4 )
88 CONTINUE
DO 1 1 = 1 , M
READ( 5 , 2 )  Y ( I ) , Y ( I )
2 F0RMAT(G10 .4 ,G20.4 )
1 CONTINUE
WRITE(6 , 5 )
5 F0RMAT(33X, 'BUBBLE COLUMN')
WRITE( 6 , 7 )
7 F0RMAT(/ ,33X, 'PROPOSED MODEL')
READ(5 ,8 )VG,VL ,DP,C0
8 FORMAT( 4G10. 2 )
WRITE(6 ,9 )VG
9 F 0 R M A T ( / / / , 1 3 X , ' G A S  SUPERFACIAL VELOCITY = ' , F 5 . 1 , '  c m / s ' )  
W RITE(6 ,10)VL
10 F0RMAT(13X, 'L IQUID SUPERFACIAL VELOCITY « '  ,F5 . 1 , '  c m / s ' )
WRITE(6 , 1 1 )DP
U  F0RMAT(13X, 'SOLID PHASE PARTICLE DIAMETER®' , F 5 . 1 , '  cm' )
WRITE(6 , 1 2 )  CO
12 F 0 R M A T ( 1 3 X I N I T I A L  OXYGEN CONCENTRATION = ' , F 5 . 1 , '  m g / L ' )
WRITE(6  , 1 3 )
13 FORMAT( / / / , 1 3 X , ' Y ' , 6 X , ' C(EXPERIMENTAL)' , 6X , ' C( PREDICTED) '  , 
* 5 X , ' R E S I D U A L ' , / )
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CALL ZXSSQ(PM,M,N,NSIG,EPS,DELTA,MAXFN, IOPT,PARM, X , SSQ , 
* F , X J A C , IX J A C ,X J T J ,W O R K , IN F E R , IE R )
DO 15 1 = 1 , M 
C { I  ) = Y ( I ) - F ( I }
WRITE(6 , 1 4 )  Y ( I ) , Y ( I ) , C ( I ) , F ( I )
14 F O R M A T ( 1 0 X , F 6 . 2 , 4 X , F 9 , 2 , 1 0 X , F 9 . 2 , 8 X , F 7 . 3 )
15 CONTINUE 
A = X ( 1 ) *VL
E Y * ( V L ) / ( X ( 2 ) + X ( 3 ) )
U = ( 2 . * X { 2 ) * E Y ) / ( V L ) - 1 .
0 = ( U * * 2 - 1 . ) * Y L / ( 4 . * E Y )
W=VL*0
WRITE(6 , 16)A
16 F O R M A T ( / / / , 1 3 X , ' K l a  IN THE GRID ZONE=' , G 9 . 3 , '  I / s ' )  
WRITE( 6 , 1 7 )W
17 FOR MA T(13X , 'K la  IN THE BULK ZONE=' , G9. 3 , '  I / s ' )
WRITE( 6 , 1 8 ) EY
18 FORMAT( 1 3 X , 1Ey IN THE BULK ZONE = ' , F 5 . 1 , '  c m 2 / s ' )
S=SQRT(SSQ/( M-N) )
WRITE(6 , 1 9 )  S
19 F0RMAT(13X, 'STANDARD DEVIATION = ' , G 9 . 3 , '  m g / L ' )
STOP
END
SUBROUTINE P M ( X , M , N , F )
INTEGER M, N, I
REAL X ( N ) , F ( M ) , Y { 2 2 ) , V ( 2 2 )
COMMON/ZXQ/Y, V 
C l = 9 .8  
H=200 
B=33.0
DO 29 I  = 1 , M 
I F ( I . G T .  5)  GO TO 27
F ( I ) = ( Y ( I ) - C 1 + ( C 1 - C 0 ) * E X P ( - X ( 1 ) * V { I ) ) ) / Y ( I )
GO TO 29
27 F ( I ) = ( Y ( I ) - ( C 1 - ( C 1 - C 0 ) * ( E X P ( ( X ( 3 ) * V ( I ) ) - ( X ( 1 ) *B ) )  
1 - ( X ( 3 ) / X ( 2 ) ) * ( EXP( (  X ( 3 ) - X ( 2 ) ) *H+
1 ( X ( 2 ) * V ( I ) ) - ( X ( 1 ) * B ) ) ) ) / ( E X P ( X ( 3 ) * B ) - ( X ( 3 ) / X ( 2 ) ) *
1 ( E X P ( ( X ( 3 ) - X ( 2 ) ) * H + ( X ( 2 ) * B ) ) ) ) ) ) / Y ( I )
29 CONTINUE 
RETURN 
END
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY « 8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 . 0  cm
I N I T I A L  OXYGEN CONCENTRATION -  0 . 8  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 2 . 1 0 2 . 1 1
4 . 0 0 3 . 4 0 3 . 3 3
6 . 0 0 4 . 3 0 4 . 2 4
8 . 0 0 4 . 8 0 4 . 8 1
1 2 .0 0 5 . 5 0 5 . 6 1
1 6 .0 0 5 . 9 0 5 . 9 2
2 0 . 0 0 6 . 1 0 6 . 1 2
2 4 . 0 0 6 . 5 0 6 .4 9
3 6 . 0 0 6 . 8 0 6 .8 1
4 2 . 0 0 7 . 3 0 7 . 2 8
4 8 . 0 0 7 . 6 0 7 . 5 6
5 4 . 0 0 7 . 8 0 7 . 7 6
7 4 . 0 0 8 . 1 0 8 . 0 9
9 9 . 0 0 8 . 3 0 8 . 3 3
1 3 4 .0 0 8 . 5 0 8 . 5 6
1 7 4 .0 0 8 . 7 0 8 . 7 0
Kla  IN THE GRID ZONE-0.293 1 /s
Kla IN THE BULK ZONE-O.330E-01 1 /s  
Ey IN THE BULK ZONE » 2 6 . 9  cm2/s 
STANDARD DEVIATION - 0 . 5 1 4 E - 0 1  mg/L
RESIDUAL
. 0 . 0 0 6
0 . 0 7 1
0 . 0 5 5
- 0 . 0 0 9
- 0 . 1 0 9
- 0.021
- 0 . 0 1 9
0 . 0 1 5
- 0 . 0 1 5
0 . 0 2 5
0 . 0 3 6
0 . 0 3 7
0 . 0 0 7
- 0 . 0 2 9
- 0 . 0 5 9
- 0 . 0 0 4
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY -  2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY “ 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 . 0  cm
I N I T I A L  OXYGEN CONCENTRATION = 0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 2 . 5 0 2 . 2 9
4 . 0 0 3 . 0 0 3 . 0 2
6 . 0 0 4 . 0 0 4 . 0 0
8 . 0 0 4 . 5 0 4 . 5 7
1 2 .0 0 5 . 8 0 5 . 8 6
1 6 . 0 0 6 . 2 0 6 .2 7
2 0 . 0 0 7 . 0 0 6 . 9 8
2 4 . 0 0 7 . 2 0 7 . 1 7
3 0 . 0 0 7 . 4 0 7 . 3 7
3 6 . 0 0 7 . 6 0 7 . 5 8
4 2 . 0 0 7 . 8 0 7 . 7 7
5 4 . 0 0 8 . 0 0 7 . 9 9
7 4 . 0 0 8 . 2 0 8 . 2 2
8 4 . 0 0 8 . 4 0 8 . 4 2
9 9 . 0 0 8 . 6 0 8 . 6 2
1 1 4 . 0 0 9 . 0 0 9 . 0 0
1 5 4 . 0 0 9 . 3 0 9 . 3 0
1 9 4 .0 0 9 . 5 0 9 . 5 0
K la  IN THE GRID Z0N E* 0 .297  1 / s
Kla  IN THE BULK Z0NE*0 . 630E-01  1 / s  
Ey IN THE BULK ZONE *  2 7 . 5  cm2/s  
STANDARD DEVIATION * 0 . 6 9 8 E - 0 1  mg/L
RESIDUAL
0.210
- 0 . 0 2 4
- 0 . 0 0 4
- 0 . 0 7 2
- 0 . 0 5 6
- 0 . 0 7 4
0 . 0 2 5
0 . 0 3 0
0 . 0 2 6
0 . 0 2 5
0 . 0 2 5
0 . 0 0 8
- 0 . 0 2 2
- 0 . 0 2 0
- 0 . 0 2 3
0 . 0 0 2
- 0 . 0 0 3
- 0 . 0 0 2
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  4 3 . 0  cm/s 
LIQUID SUPERFACIAL VELOCITY ** 5 . 0  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION ** 1 . 1  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 3 . 0 0 2 .7 7
4 . 0 0 3 . 5 0 3 . 5 4
6 . 0 0 4 . 8 0 4 . 7 9
8 . 0 0 5 . 4 0 5 . 4 4
1 2 . 0 0 6 . 2 0 6 .3 3
1 6 . 0 0 7 . 0 0 7 . 0 0
2 0 . 0 0 7 . 5 0 7 . 5 1
2 4 . 0 0 8 . 0 0 7 . 9 9
3 0 . 0 0 8 . 1 0 8 . 1 2
3 6 . 0 0 8 . 5 0 8 . 4 9
4 2 . 0 0 8 . 6 0 8 . 5 9
5 4 . 0 0 8 . 7 0 8 . 7 1
7 4 . 0 0 8 . 9 0 8 . 9 1
8 4 . 0 0 9 . 1 0 9 . 1 0
9 9 . 0 0 9 . 3 0 9 . 2 9
1 3 4 .0 0 9 . 5 0 9 . 4 9
1 9 4 .0 0 9 . 6 0 9 . 6 0
RESIDUAL
0 . 2 2 9
- 0 . 0 4 0
0 . 0 1 4
- 0 . 0 4 3
- 0 . 1 2 6
- 0 . 0 0 1
- 0 . 0 1 0
0.010
- 0 . 0 1 6
0 . 0 0 9
0 . 0 0 5
- 0 . 0 0 6
- 0.012
- 0.001
0 . 0 0 7
0 . 0 0 6
- 0 . 0 0 4
Kla  IN THE GRID Z0NE»0.399 1 / s
Kla IN THE BULK Z0NE**0. 880E-01  1 /s  
Ey IN THE BULK ZONE - 2 8 . 0  cm2/s
STANDARD DEVIATION = 0 .7 7 8 E - 0 1  mg/L
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY ** 8 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY *  7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER** 0 . 0  cm 
I N I T I A L  OXYGEN CONCENTRATION *  0 . 9  mg/L
Y C( EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 1 0 1 . 0 9
4 . 0 0 1 . 5 0 1 . 6 0
6 . 0 0 2 . 1 0 2 . 1 3
8 . 0 0 3 . 3 0 3 . 1 0
1 2 . 0 0 3 . 4 0 3 . 4 4
1 6 . 0 0 3 . 7 0 3 . 7 8
2 0 . 0 0 5 . 1 0 5 . 0 7
2 4 . 0 0 7 . 1 0 6 . 9 1
3 0 . 0 0 7 . 2 0 7 . 1 3
4 8 . 0 0 7 . 3 0 7 . 4 5
8 4 . 0 0 8 . 2 0 8 . 3 6
1 1 4 . 0 0 8 . 8 0 8 . 9 1
1 7 4 . 0 0 9 . 1 0 9 . 1 0
K la  IN THE GRID ZONE-0 .249  1 / s
K l a  IN THE BULK ZONE-O.098E-0 1  1 / s  
Ey IN THE BULK ZONE *  4 2 . 3  cm2/s
STANDARD DEVIATION = 0 . 1 3 1  mg/L
RESIDUAL
0 . 0 0 8
- 0 . 0 9 6
- 0 . 0 3 0
0 . 1 9 8
- 0 . 0 3 7
- 0 . 0 8 2
0 . 0 2 8
0 . 1 9 0
0 . 0 6 8
- 0 . 1 5 3
- 0 . 1 6 2
- 0 . 1 0 6
0 .000
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY = 2 6 . 0  cm/s
LIQUID SUPERFACIAL VELOCITY » 7 . 5  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 . 0  cm
I N I T I A L  OXYGEN CONCENTRATION *  0 . 9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 . 0 0 1 . 2 0 1 . 3 4
4 . 0 0 1 . 8 5 1 . 9 3
6 . 0 0 2 . 6 0 2 . 5 9
8 . 0 0 3 . 2 0 3 . 1 7
1 2 . 0 0 5 . 1 0 4 . 9 0
1 6 . 0 0 5 . 5 0 5 . 5 5
2 0 . 0 0 5 . 9 0 5 . 9 2
2 4 . 0 0 6 . 2 0 6 . 2 0
3 0 . 0 0 6 . 4 0 6 . 4 1
3 6 . 0 0 7 . 1 0 7 . 0 5
4 2 . 0 0 7 . 4 0 7 . 3 4
4 8 . 0 0 7 . 5 0 7 . 4 5
5 4 . 0 0 7 . 6 0 7 . 5 7
6 4 . 0 0 7 . 7 0 7 . 6 9
8 4 . 0 0 7 . 9 0 7 . 9 3
9 9 . 0 0 8 . 2 0 8 . 2 3
1 1 4 . 0 0 8 . 3 5 8 . 3 9
1 3 4 . 0 0 8 . 5 0 8 . 5 5
1 9 4 . 0 0 8 . 7 0 8 . 7 0
RESIDUAL
- 0 . 1 4 5
- 0 . 0 7 9
0.010
0 . 0 2 8
0 . 2 0 3
- 0 . 0 5 4
- 0 . 0 1 7
0 . 0 0 2
- 0 . 0 0 9
0 . 0 5 5
0 . 0 6 2
0 . 0 4 6
0 . 0 3 2
0 . 0 0 6
- 0 . 0 3 1
- 0 . 0 2 9
- 0 . 0 3 9
- 0 . 0 5 1
0 . 0 0 1
K la  IN THE GRID Z0NE=0.252 1 / s
K la  IN THE BULK Z0NE= 0.08 4E-0 1  1 / s  
Ey IN THE BULK ZONE = 6 2 . 4  cm2/s  
STANDARD DEVIATION = 0 . 7 9 6 E - 0 1  mg/L
i
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY « 43 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .0  cm
INITIAL OXYGEN CONCENTRATION -  1 .0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 2.00 1.92
4 .00 2.80 2.82
6.00 3.90 3.85
8.00 4 .20 4.27
12.00 5.60 5.62
16.00 5.90 5.92
20.00 6.30 6.30
24.00 6.60 6.60
30.00 7.00 6.99
36.00 7.30 7.29
42.00 7.70 7 .68
48.00 7.90 7.88
54.00 8.10 8.08
74.00 8.30 8.33
99.00 8.60 8.65
194.00 8.90 8.90
RESIDUAL
0.078
- 0 .0 1 6
0.046
- 0 .0 6 8
- 0 .0 2 4
-0 .0 2 5
-0 .0 0 3
0.004
0.011
0.009
0.025
0.018
0.015
-0 .0 3 0
-0 .049
- 0.001
K1 a IN THE GRID ZONE-0.372 1/s
Kla IN THE BULK ZONE-O. 670E-01 1/s  
Ey IN THE BULK ZONE » 41 .4  cm2/s 
STANDARD DEVIATION -0 .416E-01  mg/L
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BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 12.0 cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm
INITIAL OXYGEN CONCENTRATION * 0 .9  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.30 1.21
4.00 1.50 1.59
6.00 2.00 2.04
8.00 2.50 2.49
12.00 3.50 3.43
16.00 4.50 4.60
20.00 5.00 5.04
24.00 5.50 5.50
30.00 6.50 6.40
36.00 7.20 7.06
48.00 7.40 7.31
64.00 7.50 7.48
99.00 7.90 7.96
114.00 8.30 8.34
134.00 8.40 8.46
154.00 8.60 8.66
174.00 8.60 8.68
194.00 8.70 8.70
RESIDUAL
0.089
-0 .0 9 5
-0 .0 3 8
0.005
0.073
-0 .0 9 9
-0 .0 4 4
0.004
0.102
0.143
0 .088
0.015
-0 .0 5 7
-0 .0 4 0
-0 .0 6 3
-0 .0 6 4
-0 .081
0.000
Kla IN THE GRID Z0NE=0.319 1/s
K1a IN THE BULK Z0NE*0. 840E-01 1/s  
Ey IN THE BULK ZONE *  66.3 cm2/s 
STANDARD DEVIATION *0 .848E-01  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY -  26.0  cm/s 
LIQUID SUPERFACIAL VELOCITY -  12.0 cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm 
INITIAL OXYGEN CONCENTRATION * 1.1 mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 2.80 2.45
4 .00 3.00 2.93
6.00 3.80 3.76
8.00 4.10 4 .18
12.00 4 .70 4.90
16.00 5.00 4.99
20.00 5.50 5.50
24.00 5.90 5.91
30.00 6.30 6.31
36.00 6.60 6.62
42.00 6.90 6.90
48.00 8.00 7.89
64.00 7.20 7.23
84.00 7.50 7.53
99.00 7.70 7.73
114.00 8.00 8.01
134.00 8.30 8.30
154.00 8.50 8.49
174.00 8.70 8.69
194.00 8.90 8.88
RESIDUAL
0.350
0.066
0.036
-0 .0 77
- 0 .2 0 4
0.007
-0 .0 0 4
- 0 .0 0 6
-0 .014
-0 .0 1 5
- 0 .0 0 4
0.113
-0 .0 31
-0 .029
-0 .0 2 6
-0 .0 0 9
0.004
0.007
0 . 0 1 2
0.019
K1 a IN THE GRID Z0NE*0.485 1/s
Kla IN THE BULK Z0NE*0. 851E-01 1/s  
Ey IN THE BULK ZONE *6 2 .1  cm2/s
STANDARD DEVIATION *0 .113  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BUBBLE COLUMN
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  4 3 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY *  12.0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .0  cm 
IN IT IA L  OXYGEN CONCENTRATION *  1 .0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 1.80 1.72
4 .00 2 .50 2.51
6.00 3 .30 3 .29
8 .00 4 .10 4 .07
12.00 4 .70 4 .79
16.00 5 .00 5 .06
20.00 5 .50 5 .50
24.00 5 .90 5.87
30.00 6.20 6.17
36 .00 6.50 6 .46
48 .0 0 6 .70 6.71
54.00 7 .00 6.99
64.00 7 .30 7 .30
74.00 7 .60 7 .60
84.00 8 .00 7 .98
99.00 8 .20 8 .19
134.00 8 .40 8 .44
154.00 8 .50 8 .55
194.00 8 .80 8.80
RESIDUAL
0.079
- 0 . 0 0 6
0 .006
0 .033
- 0 .0 9 1
- 0 . 0 6 0
- 0 .0 0 3
0.031
0 .032
0 .035
-0 .0 0 7
0 .005
0 .002
0 .003
0 . 021
0.005
- 0 .0 3 9
- 0 . 0 5 4
0 . 0 0 0
Kla IN THE GRID Z0NE-0.501 1 /s
Kla IN THE BULK Z0NE*0. 920E-01 1 /s  
Ey IN THE BULK ZONE *  65.1  cm2/s 
STANDARD DEVIATION *0 .4 4 4 E -0 1  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY = 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 .3  cm
INITIAL OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.50 1.48 0.019
6.00 1.50 1.57 -0 .0 7 5
12.00 1.50 1.71 -0 .2 1 2
20.00 2.20 2.15 0.052
24.00 2.70 2.52 0.179
30.00 3.20 3.35 -0 .1 4 5
36.00 3.90 3.90 0.000
42.00 4.50 4.42 0.083
54.00 5.00 4.91 0.089
64.00 5.40 5.31 0.095
74.00 5.50 5.45 0.055
84.00 5.80 5.75 0.054
99.00 5.90 5.90 0.001
134.00 6.30 6.36 -0 .0 6 2
174.00 6.50 6.64 -0 .1 3 6
194.00 6.60 6.60 0.002
a IN THE GRID Z0NE*0 .360E-01 1 / S
a IN THE BULK Z0NE*0 .410E-01 1 / S
IN THE BULK ZONE * 25.4 cm2/s
STANDARD DEVIATION *0 .1 2 0  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY 26.0 cm/s
LIQUID SUPERFACIAL VELOCITY = 5.0 cm/s
SOLID PHASE PARTICLE DIAMETER3 0.3 cm
INITIAL OXYGEN CONCENTRATION = 1.4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.70 1.72
4.00 1.80 1.94
6.00 1.90 2.14
8.00 3.00 2.88
12.00 5.50 5.08
16.00 6.20 6.22
24.00 6.50 6.51
36.00 6.90 6.90
42.00 7.10 7.09
54.00 7.50 7.48
74.00 8.10 8.06
99.00 8.30 8.29
134.00 8.50 8.52
174.00 8.50 8.56
194.00 8.50 8.50
Kla IN THE GRID Z0NE=0.166 1/s
RESIDUAL
■0.019
•0.139
•0.240
0.116
0.417
•0.018
•0.009
0 .000
0.006
0.020
0.042
0.014
•0.016
•0.057
0.001
Kla IN THE BULK Z0NE=0.280E-01 1 /s  
Ey IN THE BULK ZONE = 26.7 cm2/s
STANDARD DEVIATION =0.165 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUID I ZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY ** 43 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY ** 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER3* 0 .3  cm 
INITIAL OXYGEN CONCENTRATION *  1 .3  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.70 1.75
4 .00 2.30 2.25
6.00 3.50 3.44
8.00 4 .90 4 .68
12.00 5.50 5.37
16.00 6.00 6.03
20.00 6.30 6.30
30.00 6.60 6.61
42.00 7.30 7.26
54.00 7.60 7.57
74.00 8.30 8.24
99.00 8 .30 8.30
134.00 8.40 8.44
174.00 8.50 8.57
194.00 8.50 8.49
RESIDUAL
-0 .0 5 1
-0 .0 5 4
0.059
0 . 2 2 0
0.135
-0 .0 3 0
-0 .0 0 5
- 0 . 0 1 1
0.035
0.030
0.057
0 .002
-0 .041
- 0 .0 7 0
0.008
Kla IN THE GRID Z0NE=0.213 1/s
Kla IN THE BULK Z0NE=0. 553E-01 1/s  
Ey IN THE BULK ZONE ** 26 .6  cm2/s
STANDARD DEVIATION **0.129 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY * 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .3  cm
IN IT IAL  OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 1.50 1 .46
4 .00 1.50 1 .48
6.00 1.50 1.51
8 .00 1 .50 1.53
16.00 1.70 1.69
20.00 2 .00 2 .14
24.00 2 .50 2.51
30.00 2 .80 2 .82
36.00 3 .30 3.27
42 .00 4 .00 4.01
48 .00 4 .50 4 .52
54.00 4 .80 4 .83
64.00 5.00 4 .90
74.00 5 .20 5 .15
84.00 5 .50 5 .46
114.00 5 .90 5 .96
134.00 6.30 6 .38
154.00 6 .30 6.39
174.00 6 .40 6.59
194.00 6 .60 6.60
RESIDUAL
0.042
0 .018
- 0 . 0 0 6
- 0 . 0 3 0
0 .008
- 0 .1 4 4
- 0 . 0 1 0
- 0 . 0 2 4
0 .033
- 0 . 0 1 2
- 0 . 0 2 1
- 0 .0 3 1
0 .096
0 .052
0 .035
- 0 . 0 6 2
- 0 . 0 7 8
-0 .0 9 1
- 0 . 1 8 6
0 .004
Kla IN THE GRID Z0NE=0. 401E-01 1 /s  
Kla IN THE BULK Z0NE*0.480E-01 1 /s  
Ey IN THE BULK ZONE * 4 0 .2  cm2/s 
STANDARD DEVIATION * 0 . 1 0 6  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY * 26.0  cm/s
LIQUID SUPERFACIAL VELOCITY -  7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .3  cm
INITIAL OXYGEN CONCENTRATION * 1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.70 1.68
4.00 1.80 1.88
6.00 1.90 2.05
8.00 2.30 2.36
12.00 4 .50 4.15
16.00 5.70 5.71
20.00 5.75 5 .78
24.00 6.00 6.00
30.00 6.20 6.20
42.00 6.70 6.67
54.00 7.00 6.97
74.00 7.40 7.38
99.00 7 .70 7.70
134.00 8.00 8.02
174.00 8.30 8.34
194.00 8.30 8.30
RESIDUAL
0.016
-0 .0 7 7
-0 .1 5 5
-0 .061
0.353
- 0 .0 1 3
- 0 .0 2 5
- 0 . 0 0 2
0 . 0 0 2
0.029
0.029
0.024
0.003
- 0 . 0 2 2
- 0 .0 3 6
0 . 0 0 1
Kla IN THE GRID Z0NE*0.224 1/s
Kla IN THE BULK Z0NE*0.410E-01 1/s  
Ey IN THE BULK ZONE * 39 .6  cm2/s
STANDARD DEVIATION *0 .1 22  mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY » 43 .0  cm/s
LIQUID SUPERFACIAL VELOCITY = 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER3 0 .3  cm
INITIAL OXYGEN CONCENTRATION = 1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.90 1.97 -0 .067
4.00 2.20 2.39 - 0 .1 8 6
6.00 3.00 3.05 - 0 .0 4 9
8.00 4.30 4.15 0.153
12.00 5.40 5.24 0.161
16.00 5.80 5.85 - 0 .047
20.00 6.20 6.20 -0 .0 0 5
30.00 6.70 6.68 0.016
42.00 7.30 7.26 0.045
54.00 7 .60 7.56 0.038
74.00 7.90 7.89 0.014
99.00 8.30 8.30 0.005
134.00 8 .50 8.53 - 0 .0 2 8
174.00 8.50 8.57 - 0 .069
194.00 8.50 8.50 0.000
a IN THE GRID Z0NE=0.278 1 / s
a IN THE BULK Z0NE=0.410E-01 1 / S
IN THE BULK ZONE = 40.7 cm2/s
STANDARD DEVIATION =0.101 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY * 12.0 cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .3  cm
INITIAL OXYGEN CONCENTRATION * 1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.60 1.53
4.00 1.60 1.58
6.00 1.60 1.63
8.00 1.60 1.68
12.00 2.00 1.94
16.00 2.20 2.21
24.00 2.50 2.52
36.00 3.10 3.06
42.00 3.20 3.20
54.00 3.50 3.53
64.00 3.90 3.90
74.00 4.50 4.44
84.00 4 .70 4 .66
99.00 4.80 4.82
134.00 5.60 5.62
154.00 6.00 6.02
174.00 6.20 6.23
194.00 6.60 6.59
RESIDUAL
0.073
0 . 0 2 2
- 0 .0 2 8
- 0 .0 7 8
0.059
- 0 .0 1 3
-0 .0 1 6
0.037
0 . 0 0 1
- 0 .029
-0 .0 0 5
0.062
0.042
- 0 . 0 2 2
- 0 . 0 2 1
- 0 .0 1 6
- 0 .0 3 1
0.013
Kla IN THE GRID Z0NE*0. 592E-01 1/s  
Kla IN THE BULK Z0NE*0.590E-01 1/s  
Ey IN THE BULK ZONE = 63.0 cm2/s 
STANDARD DEVIATION *0 .454E-01  mg/L
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THREE-PHASE FLUID I ZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY * 26.0  cm/s 
LIQUID SUPERFACIAL VELOCITY 3 12.0  cm/s 
SOLID PHASE PARTICLE DIAMETER3 0 .3  cm 
IN ITIAL OXYGEN CONCENTRATION 3 1 .4  mg/L
Y C( EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 1.75 1.72 0.031
4 .00 1.90 1.94 - 0 .0 4 3
6.00 2.00 2.13 -0 .1 2 9
8.00 2.50 2.51 - 0 .0 1 0
12.00 3 .60 3.44 0.159
16.00 4 .40 4.40 0.001
20.00 4 .50 4.51 - 0 .0 1 0
30.00 4 .80 4.82 -0 .0 2 1
42.00 5.30 5 .30 0.001
54.00 5.80 5.78 0.025
74.00 6.40 6.37 0 .032
99.00 6.90 6.88 0 .018
134.00 7.40 7.40 -0 .0 0 4
174.00 7.60 7.65 -0 .0 5 2
194.00 7.80 7 .80 0.000
a IN THE GRID Z0NE30.238 1/s
a IN THE BULK Z0NE30 . 690E-01 1/s
IN THE BULK ZONE 3 63.8 cm2/s
STANDARD DEVIATION 30.707E-01 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY * 43.0  cm/s 
LIQUID SUPERFACIAL VELOCITY * 12.0  cm/s 
SOLID PHASE PARTICLE DIAMETER* 0 .3  cm 
INITIAL OXYGEN CONCENTRATION * 1.0 mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.80 1.77 0.029
4.00 1.90 1.99 -0 .0 9 5
6.00 2.30 2.34 -0 .0 4 3
8.00 2.80 2.77 0.034
12.00 3.50 3.44 0.063
16.00 4.00 4.03 - 0 .0 2 9
20.00 4.10 4.15 -0 .0 4 7
24.00 4.50 4.49 0.009
30.00 4.80 4 .78 0.020
42.00 5.40 5.36 0.044
54.00 5.90 5.85 0.055
74.00 6.40 6.37 0.033
99.00 6.90 6.89 0.010
134.00 7.30 7.33 -0 .0 3 3
174.00 7.50 7.58 -0 .0 8 4
194.00 7.50 7.50 0.001
a IN THE GRID ZONEsO.280 1/s
a IN THE BULK Z0NE30.976E-01 1/s
IN THE BULK ZONE *  63.3 cm2/s
STANDARD DEVIATION *0 .561E-01  mg/L
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THREE-PHASE FLUID I ZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY * 8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 .5  cm
INIT IAL OXYGEN CONCENTRATION = 1 .2  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2 .00 1 .50 1.47 0.035
4 .00 1 .60 1.53 0.065
6 .00 1 .60 1 .56 0 .036
8 .00 1.60 1 .59 0.007
12.00 1.60 1.65 - 0 .0 5 2
20.00 1.60 1 .58 0 .017
24.00 1.90 2 .04 - 0 .1 3 5
30.00 3 .00 2 .98 0.015
36.00 4 .10 4 .00 0.105
42.00 5 .50 5 .28 0 .216
48.00 5 .60 5.47 0 .128
54.00 5 .80 5 .73 0 .070
74.00 6.30 6.37 - 0 .0 7 2
99.00 6 .90 7 .04 - 0 .1 4 1
134.00 7 .30 7 .50 - 0 . 2 0 4
174.00 7 .60 7 .82 - 0 .2 2 1
194.00 7 .80 7 .80 0 .002
Kla IN THE GRID Z0NE»0. 230E-01 1 /s  
Kla IN THE BULK Z0NE*0. 580E-01 1 /s  
Ey IN THE BULK ZONE « 3 4 .0  cm2/s 
STANDARD DEVIATION * 0 .1 3 6  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  26 .0  cm/s
LIQUID SUPERFACIAL VELOCITY * 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm
INIT IAL OXYGEN CONCENTRATION * 0 .7  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.70 1.63 0 .066
4 .00 1.90 1.83 0.067
6.00 1.90 1.93 - 0 .0 2 8
8 .00 1.90 2 .02 - 0 .1 2 0
12.00 2 .70 2.61 0 .086
16.00 4 .60 4 .66 - 0 .0 6 4
20.00 4 .90 4 .92 -0 .0 2 1
24.00 5.10 5 .10 -0 .0 0 2
30.00 5.40 5 .38 0.025
42.00 5.90 5.84 0.057
54.00 6.20 6.14 0 .058
74.00 6.40 6.38 0 .022
99.00 6.80 6.79 0.011
134.00 7 .10 7 .12 - 0 .0 2 5
174.00 7.30 7 .36 - 0 .0 6 4
194.00 7 .30 7 .30 0.000
a IN THE GRID Z0NE*0 . 880E-01 1/s
a IN THE BULK Z0NE*0 . 170E-01 1/s
IN THE BULK ZONE * 27 .0 cm2/s
STANDARD DEVIATION *0 .664E-01  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  43 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY = 5 .0  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm 
INITIAL OXYGEN CONCENTRATION *  1 .2  mg/L
Y C( EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.60 1.66 - 0 .0 6 1
4 .00 1.70 1.87 - 0 .1 6 8
6.00 2 .00 2.13 -0 .1 3 2
8.00 2.60 2.57 0 .026
12.00 4 .70 4.35 0 .354
16.00 4.90 5.01 -0 .1 0 9
20.00 6.20 6.13 0 .068
24.00 6.60 6.52 0.077
30.00 6.70 6.67 0.027
42.00 7.40 7.38 0 .022
54.00 7 .80 7.80 0.001
74.00 8.30 8.32 -0 .0 2 0
99.00 8.60 8.65 - 0 .0 4 6
134.00 8 .80 8.87 -0 .0 6 9
194.00 8.80 8.80 0.000
a IN THE GRID Z0NE=0. 904E-01 1/s
Kla IN THE BULK Z0NE*0. 580E-01 1 /s  
Ey IN THE BULK ZONE * 28.2  cm2/s
STANDARD DEVIATION *0 .1 4 4  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY * 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER- 0 .5  cm
INITIAL OXYGEN CONCENTRATION = 1 .0  mg/L
Y C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.80 1.64 0.161
4 .00 1.80 1.70 0 .100
6.00 1.80 1 .76 0 .040
8 .00 1.80 1.82 - 0 .0 1 9
12.00 1.90 1 .98 - 0 . 0 7 5
16.00 2 .10 2.21 - 0 . 1 1 0
20.00 2 .60 2.62 - 0 .0 1 9
24.00 3 .10 3 .05 0 .047
30.00 3 .30 3.33 - 0 . 0 2 6
36.00 4 .00 3 .95 0 .052
42.00 4 .80 4 .67 0 .131
48.00 5.30 5 .15 0 .146
54.00 5 .60 5.47 0 .132
64.00 5.90 5.81 0 .090
84.00 6 .10 6.12 - 0 .0 2 2
99.00 6.30 6.37 - 0 .0 7 5
114.00 6 .50 6.61 - 0 .1 1 2
134.00 6 .80 6 .94 - 0 .1 3 7
154.00 7.10 7 .25 - 0 . 1 4 6
194.00 7 .30 7.30 0 .000
Kla IN THE GRID ZONE-O. 550E-01 1 /s  
Kla IN THE BULK ZONE-O. 720E-01 1 /s  
Ey IN THE BULK ZONE = 40 .0  cm2/s 
STANDARD DEVIATION =0.111 mg/L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY » 26 .0  cm/s
LIQUID SUPERFACIAL VELOCITY « 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm
INITIAL OXYGEN CONCENTRATION *  1 .4  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 1.30 1.52
4 .00 1.60 1.71
6.00 1.80 1.89
8 .00 2.10 2.12
12.00 3 .80 3.45
16.00 5 .00 5 .06
20.00 5.40 5.42
24.00 5 .80 5 .78
30.00 6.30 6.25
36.00 6.50 6.46
48.00 6.80 6.79
64.00 7 .30 7.29
99.00 7.90 7 .92
154.00 8 .40 8 .46
194.00 8 .60 8.60
RESIDUAL
- 0 . 2 2 4
- 0 .112
-0 .0 9 0
- 0 .0 1 9
0 .346
- 0 . 0 5 8
-0 .0 1 8
0 .019
0 .052
0 .041
0 .015
0 . 0 1 0
- 0 .0 2 5
- 0 .0 6 0
0 .000
Kla IN THE GRID Z0NE*0.131 1 /s
Kla IN THE BULK Z0NE*0. 935E-01 1 /s  
Ey IN THE BULK ZONE * 40 .5  cm2/s
STANDARD DEVIATION * 0 . 1 4 3  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY *  43 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY = 7 .5  cm/s
SOLID PHASE PARTICLE DIAMETER® 0 .5  cm 
INITIAL OXYGEN CONCENTRATION ® 1.0  mg/L
Y CfEXPERIMENTAL) C( PREDICTED)
2 .00 1 .30 1.57
4 .00 1.50 1.76
6 .00 1.90 2 .02
8 .00 3 .00 2 .78
12.00 5 .10 4 .65
16.00 5 .80 5 .86
20.00 6 .30 6.31
30.00 6 .90 6 .88
36.00 7 .20 7.17
42.00 7 .50 7 .45
48.00 7 .60 7.57
74.00 8 .20 8 .18
114.00 8 .40 8 .44
154.00 8 .40 8.49
194.00 8 .40 8 .40
RESIDUAL
- 0 .2 6 9
- 0 .2 6 1
- 0 . 1 1 9
0 .215
0 .453
- 0 . 0 6 3
- 0 .0 0 7
0.023
0 .034
0 .045
0 .033
0 .022
- 0 .0 3 7
- 0 .0 8 7
0 .000
Kla IN THE GRID Z0NE*0.163 1/s
Kla IN THE BULK Z0NE=0. 982E-01 1 /s  
Ey IN THE BULK ZONE * 40 .5  cm2/s
STANDARD DEVIATION ®0.206 mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY = 8 .0  cm/s
LIQUID SUPERFACIAL VELOCITY » 12.0 cm/s
SOLID PHASE PARTICLE DIAMETER* 0 .5  cm
INITIAL OXYGEN CONCENTRATION *  1.3 mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2.00 1.90 1.72
4.00 1.90 1.80
6.00 1.90 1.88
8.00 1.90 1.96
12.00 2.20 2.25
16.00 2.90 3.00
20.00 3.40 3.39
24.00 3.80 3.73
30.00 3.90 3 .86
42.00 4.10 4.12
48.00 4.40 4.40
64.00 5.30 5.23
84.00 5 .80 5.75
114.00 6.30 6.29
154.00 6.70 6.75
174.00 6.90 6.97
194.00 7.10 7.10
RESIDUAL
0.180
0.099
0.019
- 0 .0 5 9
-0 .0 4 6
- 0.100
0.013
0.074
0.037
-0 .025
-0 .0 0 3
0.069
0.049
0.006
- 0 .0 5 4
-0 .0 6 9
0.000
Kla IN THE GRID Z0NE=0.113 1/s
Kla IN THE BULK Z0NE*0. 792E-01 1/s  
Ey IN THE BULK ZONE * 62.7 cm2/s 
STANDARD DEVIATION *0 .820E-01  mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY -  26.0  cm/s 
LIQUID SUPERFACIAL VELOCITY = 12.0  cm/s 
SOLID PHASE PARTICLE DIAMETER® 0 .5  cm 
INITIAL OXYGEN CONCENTRATION « 0 .7  mg/L
C(EXPERIMENTAL) C(PREDICTED) RESIDUAL
2.00 1.90 1.80 0.097
4 .00 2 .00 2.01 -0 .0 1 1
6.00 2.10 2.20 -0 .1 0 2
8 .00 2.50 2.54 - 0 .0 3 9
12.00 3.50 3.39 0 .106
16.00 4 .20 4.22 -0 .0 1 9
20.00 4 .30 4 .32 - 0 .0 2 2
24.00 4 .50 4 .50 - 0 .0 0 2
30.00 4 .70 4.69 0 .006
42.00 5 .00 5.00 0 .002
54.00 5 .50 5.46 0.039
74.00 6.00 5.96 0 .044
99.00 6.40 6.38 0.025
134.00 6.70 6.72 -0 .0 2 1
174.00 7 .00 7.06 - 0 .0 5 6
194.00 7 .00 7.00 0.001
Kla IN THE GRID Z0NE®0.231 1/s
Kla IN THE BULK Z0NE = 0 . 652E-01 1/s  
Ey IN THE BULK ZONE = 61.8  cm2/s 
STANDARD DEVIATION ®0.612E-01 mg/L
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THREE-PHASE FLUIDIZED BED
PROPOSED MODEL
GAS SUPERFACIAL VELOCITY * 43 .0  cm/s 
LIQUID SUPERFACIAL VELOCITY » 12.0  cm/s 
SOLID PHASE PARTICLE DIAMETER® 0 .5  cm 
IN IT IAL OXYGEN CONCENTRATION = 1 .3  mg/L
Y C(EXPERIMENTAL) C(PREDICTED)
2 .00 1.60 1.73
4 .00 2 .00 2.09
6.00 2.40 2 .46
8 .00 3 .10 3 .04
12.00 4 .20 4 .05
16.00 4 .70 4 .74
24.00 5 .30 5.29
36.00 5 .80 5.79
42.00 6.10 6.07
54.00 6 .50 6.48
74.00 7 .00 6.99
99.00 7 .50 7.51
134.00 7 .80 7 .85
194.00 7.90 7 .90
RESIDUAL
- 0 . 1 2 8
- 0 .0 9 5
-0 .0 6 5
0 .063
0 .154
-0 .0 3 7
0 .013
.0 .014
0 .026
0 .023
0 .008
- 0 .0 0 5
- 0 . 0 4 8
0 .000
Kla IN THE GRID Z0NE=0.296 1 /s
Kla IN THE BULK Z0NE=0.118 1 /s
Ey IN THE BULK ZONE = 63 .2  cm2/s
STANDARD DEVIATION =0.834E-01  mg/L
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Appendix G 
THE UNCERTANITY ANALYSIS
S*1 EFFECT OF THE PRESENCE OF A BUBBLE IN THE MIXING CELL 
Assume t h a t  a very small bubble e x i s t  In the mixing c e l l .  
Since we wish to c a l c u l a t e  the volume of t h i s  bubble,  we 
have to assume I t s  rad ius  ( rb * 0.1 cm). T h ere fo re ,  the v o l ­
ume of the bubble 1s :
vb = I  *  rb3
The volume of oxygen contained 1n the bubble8* 0 .00 4 X 0 .21 *  
0.001 cm'*
The densi ty  of  a i r  a t  STP* 1 .29 gm/L
The mass of oxygen *1 .2 9 X 0 .0 0 1 *  0 .001 mg
3
The volume of the mixing c e l l *  90.0  cm
Assume t h a t  a l l  oxygen dissolved 1n the sampling w a te r ,  the 
Increase 1n the concent ra t io n  1s :
^ § 1  .  0.011 mg/L
T here fore ,  the reading can not be a f f e c t e d  by the presence 
of  such a bubble.
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G.2 UNCERTAINTY IN CALCULATION OF Kg.a
Equation ( 3 . 1 4 )  gives the u n c e r ta in ty  1n the c a lc u la te d  v a l ­
ue of  K^a:
d(K,a) dV, dy e d C
„  + _  + C a . i )
V  h  y  c *co
To c a lc u la t e  the u n c e r ta in ty  In the volumetr ic  mass t r a n s f e r  
c o e f f i c i e n t .  The condit ions  of  maximum turbulence  1n the 
bubble column are chosen ( a t  Vg *43 cm/s and Y^* 12 cm/s) .
The percent  u n c e r ta in ty  1n = ± = ± 2.5%
I f  y 1s chosen to be 6 cm, the diameter  of  the sampling 
por t  1s 1.1 cm. T here fore ;
% u n ce r ta in ty  1 n y= ± 6.-55-60 ± g
6.0
% u n ce r ta in ty  1n C= ± —-I-!?• Q = 2%o • u
Cq 1 s  measured to be 1 .0  mg/L
From Equation ( G . l )
dKpa e(5.1-5.0)
10.019171 + 10.0251 *
d(K.a)
- F - T -  ~ 15%
I
In the bulk region ( a t  y= 134 cm)
d(Kffa) - e ( .8.5-8.4)
™K^ a l ° ' 025l + I4* 10 I + l'lS .8 -1 .0 )  I
d(K.a)
T ^ - = «
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Appendix H 
INSTRUMENTAL CALIBRATION
H . l  ROTAMETER CALIBRATION
Four Id e n t i c a l  rotameters are used 1n t h i s  study to ad­
j u s t  the a i r  f low r a t e s .  The raotameters were c a l i b r a t e d  us­
ing the dry t e s t  meter .  The c a l i b r a t i o n  curves are given 1n
Figures H . l  to H.4 .
H.2 VENTURIMETER CALIBRATION
The ventur lm eter  was prev ious ly  c a l i b r a t e d  by the manu­
f a c t u r e .  F igure H.5 dep ic ts  the r e l a t i o n s h i p  between the 
reading on the panel meter 1n vol tage  and the f low ra te  1n 
L/mln.  The l i q u i d  sup e r fac la l  v e l o c i t y  was obtained by d i ­
v id ing  the f low r a t e  by the column cross s ec t ion .
H.3 CALIBRATION OF THE OXYGEN METER
The oxygen meter was c a l i b r a t e d  using the satura ted  water
method as described 1n The In s t r u c t i o n  Manual of The D i ­
solved Meter YSI 57.
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